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Patterns of silicon carbide crys- 
tals, magnified 1000X, reveal 
important information concern- 
ing the mechanism of crystal 
growth. The photomicrograph, 
taken in natural light, depicts 
the structure's brilliance. For a 
new technique in the study of 
crystal structure, turn to page 9. 
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Research in electroluminescence 


Single crystals led General Electric’s 
Dr. William W. Piper to new understanding of light sources 


Electroluminescence, the process in which electri- 
cal energy is converted directly into light within a 
phosphor, has been known for many years. Only in 
the last decade, however, have scientists obtained 
detailed knowledge of its characteristics. Early 
studies were carried out with samples consisting of 
large numbers of microscopic phosphor particles. The 
complexity of this experimental system made it diffi- 
cult to interpret the data obtained in terms of a fun- 
damental explanation of electroluminescence. 

Shortly after Dr. William W. Piper joined the 
staff of the General Electric Research Laboratory, he 
learned how to grow single crystals of zine sulfide 


phosphors. His studies of these single crystals soon led 
to the successful identification of the means by which 
electroluminescence occurs in this material. 

The improved understanding of the basic processes 
involved is aiding in the development of new light 
sources, such as electroluminescent ceiling panels and 
radar plotting boards, contributing both to a higher 
level of living and the national defense. 
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Emphasis on EXTRA VALUES is an impor- 
tant feature of General Electric's cam- 
paign for a business upturn in 1958. 
Extra values contributed by a compre- 
hensive and balanced research program 
are important constituents of General 
Electric products. 
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All articles in this issue, unless bylined, were prepared by the Research 
Information staff of the General Electric Research Laboratory. 





OPERATION UPTURN: 


Excerpts from the report of Ralph J. Cordiner to General Electric share owners: 


N the light of economic circumstances today, what 
| must be done to bring about the resurgence of busi- 
ness and employment that everyone wants? The situa- 
tion seems ripe for a special effort: consumers have 
the money to spend, industry is tooled up to deliver as 
never before, and there are signs that the upturn is 


trying to get under way. 


Opportunities to serve customers better 


It seems to me that the most practical and effective 
course right now is for every business to buckle down 
and sell goods as never before. I mean a total effort, 
by every man and woman on the job, to concentrate on 
giving customers the best service and the best reasons to 
buy they ever had. King Customer needs some construc- 
tive attention. He is willing to do his part, if he is con- 
vinced that this is the time to buy. Let’s convince him 
by showing him the best values and by giving him the 
best service he could ask for. 


This may seem like an old-fashioned prescription te 
those who are shouting for massive government make- 


work programs and meaningless tax cuts, but we in 
General Electric are convinced that what happens to 
the economy in the remainder of this year will be 
largely determined by what business does to help its 
customers and itself. This is a do-it-yourself country. 
Each of us is in some way responsible for a part of 
the total effort, as a consumer, an employee, an investor, 
a voter, or whatever roles we play in economic life. 

[hat is not to say that federal, state, and local govern- 
ments do not have important work to do. There are 
many constructive measures that would stimulate a 
sound recovery without sowing the seeds of future infla- 
tion. What I am suggesting is that the government must 
provide the political conditions in which the economy 
can work its way out of the recession; but the govern- 
ment cannot be expected to cure the recession. 


Outstanding values available now 


General Electric’s three-year, $500,000,000 program 
of capital expenditures, which was announced in 1955, 


Over 3,000 share owners—a typical cross section of the nearly 
half a million Americans who are owners of General Electric 
—listen to the president’s message by Ralph J. Cordiner 
at the Annual Meeting held in April at Schenectady, N. Y. 
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is proceeding on schedule. This modernization and 
expansion program has put the company in an excellent 
position to give its customers outstanding values and 
up-to-date products. 

The competitive industry prices at which General 
Electric sells have remained about level, in spite of the 
continued rise in costs. Customers are getting unusual 
values at today’s prices, and this will help build busi- 
ness volume back up to the normal trend. Looking at 
the situation realistically, however, such bargain prices 
cannot be expected to continue indefinitely. 

In addition. the company is offering improved credit 
terms that recognize the problems of the times. More 
advantageous terms have been made available through 
the General Electric Credit Corporation, such as the Un- 
employment Protection Plan to aid customers through 


periods of unemployment due to sickness or layoff. 


A program to accelerate the upturn 


This is a moment of opportunity. The slight upturn 
in some sectors can be turned into a definite trend, and 
then snowball into a steady recovery, if business will 
make a fresh, concerted effort. 

To this end, the General Electric Company today 
announces that it is setting in motion a company-wide 
program of aggressive action in all departments and in 
all functions to accelerate the upturn in business. 

It is known as OPERATION UPTURN. Basically, it 
is a program to accelerate the upturn in business by 
bringing extra values and renewed confidence to cus- 
tomers. Its purpose is to build sales and jobs in 1958. 
All across the country, other com panies are announcing 
their own plans to stimulate sales and renew public 
confidence. OPERATION UPTURN is part of this ex- 
citing national picture of the people of the United 
States shaking themselves loose from the doubt and 
confusion of recent months and setting about pur pose- 
fully to resume the national advance. 

Remember, programs such as this, even if they are 
conducted by all the leading companies in the country, 
cannot work overnight miracles. But the tide is turning, 
and this is the time for a massive effort by everyone 
to keep the economy moving in the right direction. All 
signs indicate that this country can have its biggest 





A nation-wide “do-it-yourself” program 
to help build sales and jobs in 1958 
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is General Electric’s program to help acceler- 
ate the upturn in business by bringing extra 
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values and renewed confidence to customers. 
Its purpose is to build sales and jobs in 1958 
through the enthusiasm and participation of 
more than a quarter million employees, their 
community friends and neighbors, some 45,000 
suppliers, more than 400,000 firms that sell or 
service the company’s products, and nearly half 
a million share owners. OPERATION UPTURN 
can help all of us together to contribute more 
effectively toward our common goals and add 
confidence and strength to the nation’s economy. 


erommensaenere 


seems 


surge of growth in the 1960's. 


Responsibilities for every citizen 


In a free economy, economic growth is paced and 
directed by the decisions of millions of businessmen, 
consumers, investors, employees — indeed, by every 
citizen. The faith of our society is that these millions of 
points of initiative will produce swifter progress, with 
greater liberty, than any system of centralized control. 

Thus, a business recession is really a test of the 
American people and their form of society. Their 
decisions — to buy, to invest, to modernize, to work 
more purposefully, to raise their levels of living — will 
determine the speed of economic advance. They will 
also decide whether Russia will, as she has announced, 
surpass us in the years ahead. 

It is my opinion that the American people will bring 
about the upturn this year and head into a great surge 
of growth that will leave both the recession and the 
Russians far behind. This is what we Americans want. 
And what we want, we are willing to work for. That 
is all that is needed. 
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Industrial Research Stimulates Small Business 


Seven sper ific kinds of action are necessary 
continuation of large-scale 
benefits. In doing these 
the over-all 


we must keep in mind 


to insure the 
industrial-research 
things—evaluating 
research to America 
key aspects of industrial scientifie research. 


value ol 


In a recent address. “Large Business as a 
Source of Technical Assistance for the Small 
Business. Dr. Guy Suits—General Eleetri: 
Vice President and Director of Research 
stated these seven points in plain terms. He 
submitted them, in more detail, to the Presi- 
dent’s Conference on Technical and Distri- 
bution Research for the Benefit of Small 
Business in Washington, DC. 


(Admittedly others do benefit from 
research. The sponsor, though, expects his 
research contribution to enable him to be 
“first” with new and improved products and 
thus to broaden his opportunities to serve 
his customers and to deserve an adequate 
profit. But the markets will not be 
served by a single company. Typically, a new 
market is an opportunity for widespread 
participation by industrial units large and 


your 


new 


TO INSURE CONTINUATION 


small, giving full play to the specialized 
skills of the supplier of materials and com- 
ponent machinery and equipment, as well as 
the manufacturer of the complete product or 
product line. 

For instance fluorescent lamps, developed 
by General Electric, now engage eight major 
manufacturers, who are busy with improve- 
ments in the initial new produet—improve- 
ments to benefit everyone concerned, For 
example, within the first 10 years after the 
introduction of fluorescents, the 20-watt 
fluorescent efficiency was increased by 1 
percent, its life was increased 150 percent, 
and its price was decreased by 622 percent. 
\nother 24 companies, mostly small, manu- 
fluorescent ballasts. An additional 
again mostly small ones, make 


facture 
113 firms, 
fluorescent fixtures. 

Che following recommendations, then, are 
necessary to continue the benefits of large- 
scale industrial research. All seven of these, 
quoted directly from Dr. Suits’s paper, are 
equally important to both small and large 
EDITORS 


businesses. 


OF THE BENEFITS OF RESEARCH, WE MUST... 


1. Build up the nation’s supply of ade- 
quate technical manpower. 


Engineers and scientists obviously hold 
the key to this 
swift-moving age. Industry, large and small. 


our nation’s progress in 
can do much to solve the shortage of tech- 
nically trained people. Working with schools. 
we businessmen can take an active role in 
encouraging young people to further their 
studies and to explore their technical apti- 
tudes and interests. We can awaken students 
to future opportunities. provide tangible 
career-guidance material, help teachers be- 
even effective. and provide 


come more 


financial assistance to colleges in several 
ways, including that of helping our em- 
ployees repay their alma maters for their 
education. Within our own companies 

regardless of size—we can give our men and 
women opportunities to acquire new skills, 
encourage them to continue their education 
by establishing cooperative programs with 
nearby schools and colleges, and provide op- 
portunities for professional training and 


development. 


2. Rejuvenate our patent system. 

There is need for a more sympathetic 
attitude on the part of the courts toward the 
original concepts and philosophy upon w hich 
the patent system is based. We must recog- 
nize that the inventor who provides pre- 
viously unknown ideas, machines, and 
processes definitely contributes to the prog- 
ress of our social structure. There also is 
need for improving the facilities of the 
United States Patent Office for determining 
whether the inventions submitted for patent- 
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ing are new or old. It is apparent that the 
Patent Office, in common with other com- 
ponents of our technical society, threatens to 
be overwhelmed by its inability to accumu- 
search—as its 


late, classify, and responsi- 


bilities require the growing mass of tech- 
nical literature, including its own, within a 


reasonable time. 


3. Develop new ideas about scientific ad- 
vances and how they are produced. 

We need greater understanding of scien- 
tific and technical specialization and their 
relationship to team effort. We must recog- 
nize, in our developing management con- 
cepts, the basic character of creative tech- 
nical work, and we must provide the incen- 
tives that stimulate productive effort. 


1. Create a better understanding among 
our citizens of the necessary relationship 
between profit and progress. 

Research is a high-risk business invest- 
ment and a very costly one. It is unrealistic 
that the 
private industry can be geared to the de- 


to assume research activity of 


mands of technological progress without con- 


sideration of adequate profits—demands that 


provide the incentive for research and 


literally make it possible. Adequate profits 
give us the opportunity to maintain the cycle 
research—new 


of technological progress: 


products—jobs—sales—and the profits that 


permit the cycle to start again. We must re- 
affirm to people everywhere the basic 
American belief that profit, instead of being 
something “‘left over,” is an integral element 


of the growth of our nation and our society. 
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5. Create a greater understanding, prin- 
cipally on the part of management and 
employees, of the significance of new 
processes and new products. 

The human trait of “resistance to change” 
has kept people in some parts of the world 
literally in the dark ages. Even in America, 
accept the 


individual unwillingness — to 


temporary “inconvenience” associated with 
innovation is a major deterrent to insuring 
our defense and improving our living 
standards. Obviously, I am not suggesting 
that everything new is necessarily good, nor 
that all the results of modern scientific re- 
search will yield immediate improvements in 
our products or our way of living. However, 
it is essential that we all contribute to an 
atmosphere in which new things can be 


evaluated objectively, without fear of 


changes simply because they are changes. 


6. Continue to urge that a greater pro- 
portion of the nation’s total research 
effort be done by industry —large and 
small—and that the government's re- 
search be administered in a way that 
stimulates the progress, vitality, and in- 
dependence of business. 


Even in the national defense area, private 
industry would be willing and able to finance 
a greater proportion of the needed research 
and development—if the procurement poli 
cies were to provide the same profit incen 
tives that 
magnificently productive in the 


With 


assuming such a tremendously important role 


over the years have been so 
civilian 


economy. research and innovation 


in the nation’s economy, these elements 
should most certainly be kept within the 


framework of the free-enterprise system 


7. Establish a climate of informed public 
opinion that recognizes the political and 
economic conditions necessary for en- 
couraging the expansion of industrial 
technology. 


The public as a whole must recognize the 
importance of large-scale industrial research 
and its proper role in our economy. Govern- 
ment must not let an emotional fear of “big 
business” reduce or destroy the contribu- 
tions that such research can make to the 
nation’s welfare and defense. The manage- 
ment of all American industry must recog- 
nize the importance of supporting the kind of 
fundamental science that provides us with 
basie new understanding about the world in 
And must 


recognize and take advantage of the countless 


which we live. small business 
opportunities being made available by large- 
scale industrial research operating in a free 
society. 

The opportunities presented by today’s 
“technological revolution” are so challeng- 
ing that America needs the full range of her 
industrial resources. large and small, each 
company doing what it can do best, and each 


drawing strength from the other. 
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Guest Editorial 


devoted wholly to the work of the General Electric Research 


Laboratory. In it we have gathered together reports on some 


of the more interesting and significant programs of investi 
gation now under way. If we can judge by past experience 
these efforts will. within the next LO vears or so. result in 
important new opportunities for tec hnological developments 
in the ¢ ompany s engineermg and manufae turing operations, 
Since innovations in any field of human endeavor are not 
always greeted with open arms. it may be appropriate to 
consider our attitudes toward such changes. 

First. let me sav that new wavs of doing things in the 
electrical industry are traditional, axiomatic. inevitable. and 
desirable: our chief concern is the timetable of progress. Our 
best and only hope for staying ahead in the intense competi 
tion for technological progress that is fundamental to our 
business is to keep in close touch with the “advance parties 
of research— those that explore the frontiers of science and 
provide us with the identification and appraisal of things to 
come in our business. Each passing vear brings more of these 
exploring parties to keep in touch with; and the job becomes 
increasingly complex and expensive. 

Our objective is to keep in the van of the march of progress 
and we will be able to do so if we realize the magnitude of the 
job and act accordingly. Particularly, we must realize the 
importance of an across-the-board approach to scientific 
research, Large research efforts. delving into a multiplicity 
of scientific fields, give the advantages of breadth and depth; 
large-scale research offers the advantages of supporting skills 
and specialized facilities. without which the modern scientist 
necessarily specialized in one field, cannot work 

It is not suggested that evervthing new is necessarily gooe 
nor that all the results of modern scientifie research will 
vield immediate improvements in our products or services 
or our way of living, However. progress requires new tech 
nology and thoughtful appraisal of its economic opportunity 
We can be certain of one thing in the future: our businesses 
will be doing things differently. If we are thoughtful about it 
we will do things not only differently but also better—better 
in terms that will be persuasive to our customers at the 
market place. 

lo anyone in a currently profitable business, innovation 


can be a downright nuisance, In our free-enterprise system 
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Innovations: Nuisance and Necessity 





This issue of the GenerAL Evectric Review is the first to be 














however, this nuisance is the lesser of two evils: the greater 
evil is business extinetion. In the electrical industry nothing 
ean substitute for large-scale technical work as a base for 
technological innovation. 

In our own Company, in some years the expenditure for 
the technical work represented by research and development 
ind engineering has exceeded the net profits. No more diffi- 
ult problem faces modern management than determining the 
hest balance between short-range and long-range goals—for 
example. the proper balance between today’s profits and 
research for tomorrow's business. [t is difheult to determine 
hoth how much is too much and how little is too little-—risks 
lie in both directions. However, one is hard put to assemble 
i very long list of businesses that have failed because they 
did too much research. On the other hand, one can cite a 
long list of businesses that have experienced failure or seri- 
ous loss of position due to obsolescence of pring ipal produc ts. 
processes, or services. 

“Innovation,” you may say, “is a confounded nuisance.” 
That's true, but business obsolescence may be a disaster. 


The nuisance aspects of innovation are more than offset 


sby the abundance of the payoff provided by scientific re- 
" seare h. In seeking long-range goals. we stumble across count- 


less unexpected research dividends, and frequently these are 
directly applicable to the improvement of our present way of 
doing things. 

In solving the problems of materials for atomic-powered 
aircraft, for example, we will solve metallurgical and me- 
chanical problems applicable to other types of heat engines. 
Fundamental studies of new heating and cooling techniques 

required by space missiles and space flight—may be ex- 
pected to have additional. far less glamorous, and more work- 
a-day applications. The search for fusion power probably will 
provide by-products in circuit technology or radiation gen- 
eration long before the energy of the hydrogen bomb has been 
controlled for peaceful use. 

We can make these predic tions confidently because scien- 
tihe research produces improvements as well as innovations. 
I firmly believe that the cost of research can be justified to the 
sponsoring company and its customers on the basis of un- 
expected payoffs alone. But without the long-range goals, we 


might never set out on the explorations at all. 


Fy 


Vice PresipENT AND Director oF RESEARCH 
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Dr. James L. Lawson, Ph.D., University 
of Michigan (1939), served at the Radia- 
tion Laboratory, Mass. Institute of Tech- 
nology, from 1940 until 1945, when he 
joined the staff of the General Electric 
Research Laboratory. He has specialized 
in studies of high-energy radiation, 

ré spectroscopy, and nucle \ *S. 
Since 1952 he has been manager of the 
Electron Physics Research Department. 


Uniting scientific skills 
Dr. James L. Lawson of General Electric leads 
research studies in nuclear and electron physics 


As manager of electron physics research at the 
General Electric Research Laboratory, Dr. James L. 
Lawson is responsible for programs ranging from 
nuclear physics to high-temperature electronics and 
the study of information theory. 


Dr. Lawson’s group, which includes scientists of 


many and varied skills, is uniquely able to undertake 
research projects requiring versatility, as well as co- 
operative effort. An example is the work now being 
directed toward the peaceful use of fusion power. In 
programs of such broad scope, success depends par- 
ticularly on those leaders of research who —as sci- 


entists themselves — can understand, encourage, and 
integrate the work of other scientists. 

While making contributions to his chosen profes- 
sion, nuclear physics, Dr. Lawson is at the same time 
contributing as a research leader to an atmosphere in 
which scientists have the incentives, the tools, and 
the freedom to seek out new knowledge. 


Progress /s Our Most Important Product 


GENERAL @@ ELECTRIC 





Dislocations moving inside a crystal 
allow it to deform plastically. 
Scientists can watch them move by 
means of etch pits—tiny square 
pits gouged out of a crystal’s sur- 
face by etching reagent. Each etch 
pit locates a dislocation line. 
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. - » MECHANISM OF PLASTIC DEFORMATION 


Plasticity of Solids Explored by New Technique 


Direct observation of dislocation motion in crystals leads toward stronger metals 


through more efficient forging, rolling, and machining methods. 


By DR. JOHN J. GILMAN 


Modern industrial society with its 
extensive use of the forge, the rolling 
mill, and machine cutting tools depends 
that metal crvstals 
the con- 


on the plasticity 
exhibit. By 
sumer of fabricated products usually 


way of contrast, 
wants as much strength, or lack of 
plasticity, as possible. For both con- 
ditions, the crucial properties depend on 
tiny imperfections in the metal’s crystal 
structure. These flaws in the alignment 
of the atoms are called dislocations. Our 
growing knowledge of their nature and 
one of the most 


behavior constitutes 


challenging and potentially rewarding 


fields in modern science. 


Basic Mechanical Properties .. . 


The great importance of this subject 
to the engineer becomes clear when we 
consider the four fundamental mechan- 
ical properties of engineering materials: 
the elastic modulus; the yield stress, or 
elastic limit; the strain-hardening rate, 


metallurgist, Physical Metallurgy Sec- 
tion, Metallurgy and Ceramics Research Depart- 
ment, General Electric Laboratory, 
Schenectady—has been with the Company six 
years. He does research on the fundamental basis 
of plastic deformation and fracture and last year 
received the A. H. Geisler Award from the American 
Society of Metals for his contributions to the 
metaliurgy profession. This past May he visited 
Russia to attend the international Conference on 
Mechanical Properties of Solids held at Leningrad. 


Dr. Gilman 


Research 
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or plastic modulus; and the fracture 


stress. 


... Elastic Modulus... 


All these mechanical properties de- 
pend on the properties of dislocations, 
with the exception of the elastic modu- 
lus, which is determined by the bonding 
forces between the atoms of a crystal. 
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The yield stress is proportional to the 
stress at which dislocations begin to 
move in the erystals of a material. In 
engineering tests, considerable disloca- 
tion motion occurs before yielding can 
be detected 

By ordinary is difficult to 
plastic than 


that is, one microinch per 


means it 


measure strains smaller 
about 10°: 
inch. But by 
dislocations move in erystals of lithium 


fluoride, it is possible to detect strains 


watching the individual 


at least as small as 107'°. 
These 


vield 


strains define the 
true They 
represent the very beginning of plastic 


very small 


stress of a material. 
deformation, or the very first departure 
from completely elastic behavior. 

The interesting fact is that compari- 
sons of the stresses needed to cause dis- 
locations to move with the stresses that 
cause yielding on the engineering scale 
that the 
tional. Therefore, the yield stress can be 


have shown two are propor- 
thought of as simply the stress needed 
to move dislocations in a material. 


Crystals exhibit an enormous range of 


resistance to dislocation motion. If we 
take a soft crystal like tale as the unit of 
resistance, then the resistance of dia- 
mond to dislocation motion is about L100 
million times larger! Between tale, so 
soft it does not seratch milady’s face, 
and diamond, so hard it scratches any- 
thing, there are many crystals with 
widely different plastic resistances. 

The resistance of crystals to disloca- 
tion motion depends on the atomic 
pattern that forms the basis of their con- 
struction and also on the strength of the 
bonds between adjacent atoms in the 
structure. Zine crystals illustrate this 
point well. In zine the atoms are packed 
together in layers. And the bonds be- 
tween the atoms within each layer are 
stronger than the bonds between two 
layers. Therefore, gliding occurs more 
easily between the layers than on planes 
that cut across the layers. At 250 C and 
the same rate of glide, the stress needed 
to cause glide on the planes that cut 
across the layers is 50 times as great as 
the stress for glide between the layers. 

Each kind of erystal has a certain 
intrinsic resistance to plastic deforma- 
tion, depending on the strength of the 
bonds that bind its atoms together. 
However, other factors exert a strong 
influence on its plastic resistance. And 
one of the most important factors is 
impurities. Impure crystals always resist 
deformation more than pure crystals 
sometimes with very pronounced effects. 
Some impure crystals are 10 to 100 
times as resistant as pure crystals, the 
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HOW A CRYSTAL DEFORMS PLASTICALLY ... 
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ETCH PIT AT DISLOCATION 


DISLOCATION MOTION inside a crystal permits plastic deformation. 


Acid easily attacks the ervstal where the dislocation line intersects 


reason being a matter of impurity size. 
The impure atoms, which replace a few 
of the normal atoms, are either slightly 
smaller or larger than the normal atoms 
This distortion of the 


normal crystal pattern and impedes dis- 


causes some 
location motion. 


radiation. neutron 


Intense such as 
bombardment, also raises the plastic 
resistance of a crystal. The radiation 
knocks some of the atoms out of the 
crystal, leaving holes inside about the 
same knocked-out 


These holes act in a manner similar to 


size as the atoms. 
impurities, distorting the crystal pattern 
slightly and making plastic deformation 
more difficult. 

Still another impediment to disloca- 
tion motion is provided by small hard 
particles that can sometimes be precipi- 
tated at 
crystal. When these particles lie on 
glide planes, they act as “keys” which 
prevent the planes from sliding over one 
another. Then to have dislocations move 
between the planes, they must move 
through the particles. If the particles are 
hard, dislocations move through them 
with difficulty, and dislocation motion is 


numerous places inside a 


impeded. 

This kind of 
extensively to make aluminum resistant 
to deformation. Pure aluminum is soft 


hardening is used 
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DISLOCATION HAS MOVED 


and thus unsuitable for airplane struc- 
tures, but it can be hardened markedly 
by precipitating small particles of a 
copper-aluminum compound along its 
glide planes. 

It is a familiar fact that solid materials 
become stiffer when they are cooled to 
low temperatures. Crystals are no excep- 
tion. As the atoms of a crystal vibrate 
less and less with decreasing tempera- 
ture, it becomes more and more difficult 
This 


and 


motion to occur. 
makes crystals like 
sapphire hard and brittle at low tempera- 
tures but pliable at high temperatures. 
Other erystals like aluminum, lead, and 
cadmium are soft at most temperatures, 


for dislocation 
germanium 


becoming somewhat harder at very low 
temperatures. Because dislocations can 
still move in them at temperatures as 
low as one degree absolute, they do not 
become too brittle to be useful at very 


low temperatures. 


... Strain-Hardening ... 


If a crystal has been strained some- 
what, then it is difficult to deform it 
further. This phenomenon, known as 
strain-hardening, has occasionally been 
used to trick the uninitiated. A crystal 
of copper in the form of a round bar as 
much as '% inch in diameter can easily 
be bent once to the shape of a horseshoe. 
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ONE UNIT PLASTIC 
DEFORMATION COMPLETED 


the crystal surface, forming etch pits. These follow the dislocation 
line as it moves through the crystal, under force. 


Pity the victim who tries to straighten it 
out! After the first bend. the 
crystal is at least 10 times stronger than 


copper 


originally. This hardening results from 


the mutual interference between dis- 
locations that meet while trying to move 
in different directions through a erystal. 
Dislocations that were moving on one 
set of planes are blocked by dislocations 


The 


glide on each plane interferes with the 


on an intersecting set of planes. 


glide on the intersecting plane so that a 
“trafhe makes 
further glide very difficult. 

The hardness due to strain increases 


jam ~~ results, which 


with increasing strain. The reason is that 


the increased numbers of dislocations 
that accompany increased strains cause 
more frequent meetings between dis- 
locations that are moving in different 
directions. 

Hardening similar to strain-hardening 
is caused when two or more crystals are 
connected together to ftorm a poly- 
crystalline aggregate. When a stress is 
applied to the aggregate, each crystal 
deforms by gliding along its glide planes. 
But the glide planes of the various 
crystals do not match up; so there is 
interference between the gliding in 
adjacent crystals, and hence much resist- 
ance to deformation. 


Advantage is taken of this phenome- 
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non when a metal is forged. During 
forging, the crystals of the metal are 
hammered to break into 
by thus increasing the 
amount of interference to glide in the 












them down 


small crystals: 
aggregate, the metal is made harder and 
tougher. 





.. and Fracture he 
The fracture of solids is a subject in 
itself, will not diseuss it in 
detail. But IT should like to mention that 
the fracture stress of a material such as 


and so I 


mild steel is largely determined by the 
behavior of dislocations in it. It is the 


result when 


blocked in mild 


steel that leads to its failure by fracture. 


stress concentrations that 


dislocation motion is 


Phenomenon of Dislocation 


Now that we have considered some of 


the significance of dislocations. let us 
examine the phenomenon itself. The two 
photomicrographs at the top of this page 
show the side of a lithium fluoride erys- 
tal that was plastically bent and then 
etched by acid. It is 


covered with tiny square pits that were 


immersing it in 


gouged out of the surface by the etching 
reagent. The long lines of pits make a 
the 
sides of the erystal. These etch pits are 


definite angle of 45 degrees with 
much more numerous in the plastically, 
deformed parts of the erystal than else- 


where. They would simply be interesting 


sclentihe curiosities if it) were not eae as 
that each pil locates a dislocation line 74 oa 
in the erystal. When a lithium fluoride ‘ z 


erystal is immersed in the proper etching 
reagent, etch pits appear on the surface 
the 
crystal surface. As we have already seen. 
the 


wherever such a line intersects 


inside a 
crvstal is what allows it to deform plas- 


motion of dislocations 
tically. And by means of the etch pits, 
we are able to track the dislocation-line 
movements that occur during the plastic 
deformation of crystals. Using special 
Dr. W. G. 


and | have watched dislocations move as 


stressing methods, Johnston 


slowly as a few atomic distances per 


10’? atom dis- 
almost the speed of 


second and as fast as 
tances per second 
sound, 

Che meaning of the term dislocation- 
line can be understood by studying the 
illustration. Note that 4 is a schematic 
drawing of a crystal, and B is the same 
crystal shown with an elastic distortion. 
If force f. which causes the elastic dis- 
the will 


recover its original shape. Next, C repre- 


tortion, is removed, crystal 
sents the first stage in the plastic distor- 


tion of the crystal. At the left end of the 





NERAL ELE TRIC REVIEW JULY 1958 





PLASTICALLY BENT CRYSTAL is etched in acid: one area (color inset) magnified 600 X 


(below) diseloses long lines of etch pits that oceur only in plastically deformed portion. 
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MOTION OF DISLOCATION is revealed in an actual crystal by flat-bottomed pit (left) at 


initial position and by sharp pit at position of dislocation after stress has moved it. 


crystal, the applied force has caused a 
shift of the top half of the crystal by one 
atomic distance with respect to the bot- 
tom. At the right end, no shift has vet 
lhe the 
shifted and the unshifted region is indi- 


occurred. boundary between 


cated by a cylindrical tube. This tube 
encloses what is known as a dislocation- 
line in the crystal. 

Near the dislocation-line you can see 
a severe disturbance of the regular geo- 
metric array of atoms. This disturbance 
of the crystal structure makes it easy for 
an acid to attack the crystal where the 
dislocation-line meets the surface. There- 
fore, if the crystal is immersed in the 
proper acid, an etch pit will form, as 
in D. 

Further application of a force may 
cause the dislocation-line to move: that 


is, the shifted region of the erystal grows 
making the unshifted 
smaller. Hence the boundary 


larger, region 
, between 
the two regions—the dislocation-line 
moves to the right, and the crystal looks 
as it does in E. 

Now if the erystal is immersed in 
acid, a new etch pit forms at the new 
location of the dislocation-line. The old 
pit stops getting any deeper. because a 
disturbed structure is no longer at its 
bottom. It continues to grow sidewise, 
however, and so it develops a flat- 
bottomed shape. This sequence of events 
is shown for a real crystal in the lower 
photo (above). 

Finally, the shifted region moves en- 
tirely across the crystal until there is no 
longer a dislocation present. However, 
the shape of the crystal has changed to 
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TRANSLATION GLIDING IN A CRYSTAL 


ORIGINAL UNSTRESSED CRYSTAL 


MAY DEFORM BY MEANS OF 


COMPLETE SLIDING 


DISLOCATION 


. . « OR PARTIAL SLIDING 


TRANSLATION GLIDING permits crystal deformation without destroying the erystal pattern 


Partial sliding overcomes crystal resistance by moving a dislocation through the crystal. 


that shown by F. The new shape is the 
result of a shift of the top half of the 
crystal by one atomic distance with 
respect to the bottom half. 

Now the function of the etch pits 
becomes clear. They “premagnify” a 
structure that is only atomic in size. 
After this premagnification, the struc- 
ture can be observed with an ordinary 


microscope. 


Multiplication of Dislocations 


Because each dislocation that moves 


across a crystal causes a displacement of 


only one atomic distance, an enormous 
number of dislocations must move 
through a crystal to make a strain of the 
size that is familiar in everyday engi- 
neering. For example, suppose you have 
a }2-inch cube of some crystal and you 
want to shear it by 10 percent—that is, 
to shear the top of the cube 1/20 of 
an inch with respect to the bottom half. 
Then it will be necessary for about 5- 
million dislocations to move from one 
side, through the crystal, and out the 
other side. 

Actually, during a plastic deforma- 
tion, dislocations do not usually travel 
distances as large as one-half inch, or 
100-million Before 
they can move such a large distance, 


atomic distances. 
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they usually suffer some mishap. They 
hit either some obstacle in the crystal 

such as a precipitate particle—or a dis- 
coming the other way and 
annihilated. Therefore, the 
average distance traveled might be more 
like 1/1000 of an inch instead of !4 inch. 
This means that several billion disloca- 
1000 inch, would 


be required to cause a 10 percent shear 


location 


become 


tions, each moving | 


of the '-inch erystalline cube. 

The large numbers of dislocations 
needed to yield large deformations can 
be created through multiplication of a 
that originally 
present in a crystal. The atomic mecha- 


few dislocations are 
nism by which this multiplication occurs 
is not vet understood. It is one of the 
mysteries of plastic deformation pres- 


ently being studied. 


Why Dislocations? 


\ natural question is, Why does 
plastic deformation occur in this way? 
Why does it occur by means of disloca- 
something else? To 
answer these questions, let me first 
point out that there are not very many 
ways to deform a crystal and yet retain 
the crystal as a crystal. If a deformation 


tions—why not 


simply destroys the crystal, then frac- 


ture has occurred instead of plastic 
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deformation. The only way of not 
destroying the pattern of a crystal, 
during a permanent deformation, is to 
glide one part of it over the rest by one 
complete unit of the pattern. This is 
called translation gliding (illustration). 

The two possible ways of accomplish- 
ing translation gliding are by complete 
sliding and by partial sliding. If partial 
sliding occurs in a crystal, then by de- 
finition a dislocation moves through the 
crystal. 

Crystals prefer to deform by partial 
sliding instead of complete sliding. You 
can appreciate the reason for this if you 
have ever attempted to move a large rug 
simply by pulling on one side of it. The 
friction between the rug and the floor 
is simply too large to be overcome. No 
doubt ; 
simply making a small hump (disloca- 
tion) in the rug and then moving the 
hump along. When the hump came 
out the other side, you had moved the 


you solved your problem hy 


rug by an amount equal to the size of 
the hump. 

The situation is much the same with 
crystals. The resistance of a crystal to 
deformation is much too great to allow 
the occurrence of complete sliding. But, 
if a dislocation (hump) is made in a 
deformation is easy to 


crystal, then 


accomplish, 


Rapid Progress Anticipated 


I have attempted to show how and 


why dislocations and their motion in 
crystals account for plastic behavior. 
The etch-pit technique is a powerful 
tool for studying the motion of disloca- 


A detailed knowledge 


of these motions is essential to any real 


tions in erystals. 


understanding of the many plastic phe- 
nomena that I have discussed. Because 
these phenomena occur whenever solid 
materials are formed into useful shapes, 
this information find 
useful application in making the complex 
rolling, and machining 


will eventually 
arts of forging, 
more efficient. 

The strength of a crystalline material 
can be increased by making it difficult 
but the 


factors that determine how easily a dis- 


for dislocations to move in it, 


location can move in a crystal are not 
properly understood at present. Direct 
observations of dislocation motion 
should enable rapid progress to be made 
toward understanding 
Scientists and engineers trying to meet 
the clamor for materials with high and 
still higher strengths will then be able 


these factors. 


to proceed more systematically than is 


now possible. Q 
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The Future of Science and the Liberal Arts 






If science and the liberal arts are to survive in this ever-widening technological 


age, then these two great areas in our culture must begin immediately to replace 


their self interests with a strong mutual interdependence. 


By DR. GLENN W. GIDDINGS 


In a very literal sense, both science 
and the liberal arts are on trial for their 
lives. This is main thesis. Let me 
defend it. 

Arnold of Rugby is reputed to have 


said that no man should meddle with a 


my\ 


University who does not know it very 
well and love it very dearly. Now some 
of the things I may be 


interpreted as meddling: so before I say 


have to say 
them, let me outline my qualifications as 
a meddler. 

I am sure that I qualify on Arnold's 
second count, for | have a deep and 
abiding affection for educational institu- 
When I left after 


20 years of continuous associa- 


tions. education, 
nearly 
tion, | know that IT left a part of my 


heart on the campus. 


Science and Society 
When I 


concerned about some of the anomalies 


was a teacher, | used to be 
in education. | still am. But I have de- 
veloped an even deeper concern about 
some of the long-range implications of 
the 


reciprocal relationship between science 


education in our society, such as 
and society. We all accept as a truism 
the cliche, ““We live in a scientific age,” 


for certainly our society depends upon 


Dr. Giddings——-Manager, Research Personnel at 
the General Electric Research Laboratory in 
Schenectady—came with the Company in 1945. 


During World War Il, he was Technical Aide to the 
Director of the Radiation Laboratory at the 
Massachusetts Institute of Technology. Prior to the 
war, he served on the faculty of DePauw University 

as Professor of Physics for 12 years and also 
Assistant Dean of Men in his last few years there. 
His work in the Company has been chiefly with 
technical personnel, including recruiting of scientists 
at the Doctoral level, and personnel administration 
in the Research Laboratory. Interested particularly 
in liberal arts colleges—having graduated from 
Cornell College in taught at 
another—he has maintained active contacts with 
education at all levels. His article is based on an 
address delivered at the College of Wooster, 
Wooster, Ohio. 


one, lowa, and 
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science. We give very little thought, 
however, to the converse idea that our 
science depends upon society. 


Basis of Modern Science 

Modern had its origin in 
Western Europe in the 17th century, 
just 300 years ago. Particularly note- 


science 


worthy were the beginnings in England. 
Sociologist R. K. Merton has pointed 
out that in Puritan England, ‘The deep- 
rooted religious interests of the day 
demanded in their forceful implications 
the systematic, rational, and empirical 
study of Nature for the glorification of 
God in His works and the control of the 
corrupt world.” 

The combination of rationalism and 
empiricism characteristic of the Puritan 
ethic forms the basis of modern science. 
The basic assumption of modern science 
is that nature is orderly. The scientist 
assumes that nature is an intelligible 
order and that by properly asking ques- 
tions of nature, he may elicit intelligent 
answers. 

In our generation we have witnessed a 
striking culmination of the reciprocal 
effect between science and society in a 
Most of 


conveniences 


our 
comforts have 
stemmed from the work of a relatively 


favorable social climate. 


and 


few scientists, almost all of them in the 
past 300 years, the majority in the past 
150 vears. These scientists worked for 
the most part not for gain but simply for 
the joy of exploring and knowing and 
understanding. They believed that “‘It is 
to know just for the 
knowing.” 

They could not possibly have foretold 


good even if 


the technological applications of their 
scientific work, nor were they interested 
in them. Only recently have scientists 
become concerned with applications of 
their work, for only recently have the 
streams of science and invention merged 
the tech- 


nological society. 


to form basis of our own 


The technology of such a society 
always feeds upon science. As the tech- 
nology advances, it must be supported 





by a continuing stream of new scientific 
knowledge—for which there must be a 
continuing supply of competent scien- 
tists. There is no other way. 


Meaning of the Liberal Arts 

Let me speak now for a moment about 
the humanities, “the branches of polite 
learning” as Webster calls them—those 
studies that are designed not to produce 
a better living but a better /ife. Without 
arguing terminology let me use the 
broader term “‘the liberal arts.” which in 
the modern curriculum is usually inter- 
preted to include the basie sciences. (It 
is worth while for the devotees of liberal 
education to recall that 
among the Romans the liberal arts were 
the higher arts that only the free men. 
the liberi, were permitted to pursue.) In 
our time we take a liberal education so 


sometimes 


much for granted that sometimes its 
proponents and practitioners cannot 
clearly define either its means or its 
ends. One of the finest statements I have 
ever read appears in an issue of the 


College of Wooster Bulletin titled 
{dventure in Education. It is worth 
remembering. Here is part of one 


paragraph from it... 


Liberal studies should do more than fur- 
nish a quality in men and women. They 
should generate action. They should emerge 
into the activity of a responsible citizen. Free 
to choose because he knows what the choices 
are, the liberally educated person can assist 
in those discriminations and value judgments 
that are the very life of a state. 


Both Areas on Trial 

With this introductory background, 
now, on science and the liberal arts, let 
me pursue my main thesis: Both science 
and the liberal arts are, in a very literal 
sense, on trial for their lives. 

The scientist “IT have only 
sought the truth.” The humanist says, 
“| have only tried to preserve the 
values of the past.” But of course 
almost everyone—including even some 
scientists—believes that science and the 
scientists are culpable for having in- 
vented engines of war—horrible bombs 


Says, 
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“To be truly literate one must have an appreciation for the values 


and bacteria that may destroy mankind. 
And almost ' knows that the 
humanities are impractical and useless, 


Now how 


everyone 


if not downright dangerous! 
has all this come about? 


Plight of Science 

In their lonely search for truth 
the truth only 
objective of 
not taken the trouble to interpret to the 
lay public either the spirit of science or 
its results. They have not helped the 
public to understand that every dis- 


and 
of nature is the true 


science—scientists have 


covery may be used for good or for evil. 
The surgeon’s scalpel may become the 
knife. Is the man 
vented steel a culprit? 
Scientists, both individually and col- 


who in- 


assassin $s 


lectively, have been content to be inar- 
ticulate as far as the public is concerned. 
It is part of the philosophy of the 
scientist to be objective in everything 
relating to his science, and this has pre- 
cluded his being an active protagonist for 
science, particularly for his own work. 
A British scientist, Dr. J. Bronowski. 


says of scientists... 


They have enjoyed acting the mysterious 
stranger. the powerful voice without emo- 
tion, the expert and the God. They have 
failed to make themselves comfortable in the 
talk of people in the street; no one taught 
them the knack, of course, but they were not 
keen to learn .... And now they 
distance which they enjoyed has turned to 
distrust. and the awe has turned to fear, and 
people who are by no fools really 
believe that we should be better off without 


science, 


means 


Many honest people truly believe this, 
even though our modern way of life 
owes its very existence to science and to 
its offshoot, technology —the industrial 
applications of science. 
become the 
scapegoat for the that 
people always feel in times of crisis. An 
active anti-intellectualism against sci- 
has developed, 


Science has obviously 
helplessness 


ence and_ scientists 
although the intellectual climate has im- 
proved in recent months. Science and 
the scientist are really so far removed 
from the public that the attitude toward 
them is not unlike that of the untutored 
tribesman the 
mingled awe and fear plus a decided 
belief that he possesses supernatural, 
or at least superhuman, powers. 

The image of the scientist in the 
popular mind is very important. The 


toward witch doctor: 


present image is a caricature, but most 
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find the 


scientists do not seem deeply concerned 
about it. In a recent issue of Science, 
Margaret Mead and Rhoda Metraux 
describe a study on the image of the 
scientist among high school students. 
Here are some excerpts... 

The scientist is a brain. He spends his days 
indoors, sitting in a laboratory, pouring 
things from one test tube into another. His 
work is uninteresting, dull, monotonous, 
tedious, time consuming, and, though he 
works for years, he may see no results or may 
fail, and he is likely to receive neither 
adequate recompense nor recognition. He 
may live in a cold-water flat: his laboratory 
may be dingy .... He neglects his family 
pays no attention to his wife, never plays 
with his children. He has no social life, no 
other intellectual interest, no hobbies or 
relaxations. ... 


He is always reading a book. He brings 
home work and also bugs and creepy things. 
He is always running off to his laboratory. 


This image of the scientist is not a 
very pretty picture. 
Flaws in the Liberal Arts 


And that I 
plight of science, what are the charges 


now have discussed the 
against the humanities and the liberal 
arts? Let me quote first from Professor 
Joel H. Hildebrand, a 
former Dean of the College of Letters 
and Science at the University of Cali- 
fornia. Speaking on the subject “Knowl- 
Bampton 
Pro- 


distinguished 


edge and Power” in the 
Lectures at Columbia University, 


fessor Hildebrand said 


Some seek salvation in a movement “‘back 
to the humanities.” although just what it is 
that we are to go back to is not very clear. It 
often seems to consist in a prescribed 
number of so-called “units” of 
offered by departments which call themselves 
“the humanities,””’ with little critical scrutiny 
of their humanistic content and purpose. The 
so-called “humanities” have had their op- 
portunity ever since the Renaissance to im- 
mankind, but all the while racism, 
religious intolerance, extreme nationalism, 
and war have continued as usual. I see 
nothing particularly alluring to go back to. 


prove 


\ revealing discussion of this matter took 
place at a meeting of the American Council 
on Education in October 1954. Its vice- 
chairman, Clark Kerr. Chancellor of the 
University of California in Berkeley, said, in 
part: “If the humanities are dying, I am not 
convinced that it is a case of murder or that 
the administrators are the most likely 
suspects. It seems to me that in a good many 
departments, in a good many universities, it 
is a case, rather, of attempted and as yet not 
entirely successful suicide. 


“Now, it seems to me that of the 
troubles with the humanists is that they are 
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trying very hard to be something that they 
cannot be. They are trying to be scientific. 
And they turn with a vengeance to history 
and develop all sorts of unimportant facts 
about unimportant poets, or they develop 
pseudoscientific criticism, and | have won- 
dered a bit why this was so frequently true, 
and wondered whether this wasn’t an effort 
to get the prestige that goes along with 
science and also the protection that goes 
along with developing an independent 
discipline, which nobody else understands. 
and thus nobody else can properly criti- 
cize eee tide 

Those are hard words, coming as they 


do from distinguished educators. 


A Warning to Liberal Arts Colleges... 


Thus far I have been speaking about 
science and the liberal arts in general. 
Let me now particularize regarding the 
independent liberal arts college. It is no 
secret, | am sure, that in addition to the 
general problems facing all educational 
institutions, chiefly problems of finance 
and faculty, the liberal arts colleges 
have their own special problems 

Consider the matter of numbers alone. 
As a body the independent liberal arts 
colleges, for sound educational reasons, 
plan to grow very little in size in the 
next decade or two. It pretty 
certain that college enrollments nation- 
ally will at least during this 
period and that the public institutions 
will take most of the increase. By simple 
arithmetic, then, the liberal arts colleges 
will be reduced to one half, relatively, in 
the postion they occupy in the educa- 


seems 


double 


tional system. 

Whatever they may have to offer that 
is valuable or unique will become avail- 
able to a smaller and smaller fraction of 
the total group. Unless they really do 
have something to offer that is valuable 
and unique and unless they are articu- 
late about it, the independent liberal 
arts colleges will likely disappear as a 
potent factor in American education. 

Officials of a sizable number of inde- 
pendent colleges appear to believe that 
they can best perform their function by 
concentrating upon increasing quality 
rather than by providing for increasing 
numbers of students. They look forward 
selective in their 


to becoming more 


enrollments. To have a quality college, 
however, there must be high quality in 
both student body and faculty. Fortu- 
nately, great emphasis is currently being 
given to the problem of faculties. 

The second report to the President of 
the so-called Josephs Committee on 
1958 
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Education Beyond the High School is 
forthright in its conclusions and recom- 
mendations .. . 


The most critical bottleneck to the expan- 
sion and improvement of education in the 
U. S. is the mounting shortage of excellent 
teachers. the Nation’s 
ablest manpower is reinvested in the educa- 
tional enterprise, its human resources will 
remain underdeveloped, and specialized man- 
power shortages in every field will compound. 
Unwittingly the United States right now is 
pursuing the opposite 
Demands for high quality manpower have 
everywhere been mounting, but colleges and 
found themselves at a 
disadvantage in the 


Unless enough of 


course, 


prec isely 


have 
competitive 


universities 
growing 
professional manpower market. 


The Committee believes that in order 
to make the teaching profession com- 
petitive financially with other profes- 
sions, the salaries of college teachers will 
have to be raised by LOO percent or more 
by 1970. Bluntly — the 


asserts... 


Committee 


The plain fact is that the college teachers 
of the United States, through their inade- 
quate salaries, are subsidizing the education 
of students, and in some cases the luxuries of 
their families. by an amount which is more 
than double the grand total of alumni gifts, 
corporate gifts, and endowment income of all 
colleges and universities combined. This is 
tantamount to the largest scholarship pro- 
vram in world history. but certainly not one 


calculated to advance education. 
\t a recent meeting of the American 
Council on Education, as reported in the 


Vew York 


cussion of the financing of higher educa- 


Times, there was much dis- 
tion while maintaining quality, as the 
number of students increases nationally. 
To the question, “Can quality be main- 
tained?,”’ the educators answered: “Not 
unless the public finally realizes that 
education is more than a luxury item. As 
long as more money is spent for high- 
ways than for schools, just so long will 
education take a back seat.’ Less than 


National 


Product goes into higher education. 


one percent of our Gross 


. and Their Unique Opportunity 

Thus far | have painted a pretty dark 
picture of the present situation and of 
current trends. Had I believed the future 
is wholly dark, however, I should not 
have spoken at all. I believe that the 
faculty and students of the independent 
liberal arts colleges are in a strategic 
the 
present trends. The liberal arts colleges 


position to counteract some of 
have a unique opportunity, if they will 


only grasp it. 
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and modes of thought of the sciences as well as the humanities.” 


In outlining what is needed I can do 
no better than to quote from an address 
“Science and the Educated Man” by Dr. 
J. A. Stratton, Chancellor of the Massa- 
chusetts Institute of Technology 


Whatever its short-comings, education in 
science and engineering is on the move. I see 
an equal confidence in the 
the liberal arts. From the 


no grounds for 


present state of 


nontechnical colleges will come that body of 


educated men whose judgment and under- 
standing largely temper the public 
attitude toward science. Yet in a world that 
increasingly will be dominated by science 
and its products, it appears to me _ that 
liberal education has failed to keep pace with 
the changing character and expanding needs 
of the society which it should be designed 


must 


to support 


Let me distinguish sharply between the 
ideals of liberal education and its current 
practice. These ideals indigenous to 
western civilization; they do not alter with 
the times. A liberal education is designed to 
enlighten, to impart a love of knowledge and 
wisdom. Its according to White- 
head, is an education for thought and for 
esthetic ippreciation, It purports to deal 
with human values. with problems that are 
timeless. It undertakes to prepare the student 
to read, to listen, to see all that is lasting of 
music, literature, and 


are 


essence, 


man's works in art. 
thought. 

i liberal education must also be rele- 
vant to time and circumstance. It is an 
education for cultivated men in every walk 
of life and it should fit them to perceive and 
comprehend the great issues of our times, 
the forces that are shaping our destiny. It is 
that modern man must take full 


But 


my belief 


account of the role of science and tech- 
nology. 
There is one great, unifying force working 


in our age. and that is science. We must turn 
to science for the lingua franca of modern 
men and find in the vehicle of 


modern thought. 


science 


All the outer forms and even the inner 
forces of our contemporary civilization are 
molded and controlled by science and tech- 
nology, and yet we have failed to make the 
understanding of science a part of our com- 

Anti-intellectualism, as it is 
thinly veiled hostility to the 
“egghead,” is the inevitable symptom of a 
distrust of the unknown.... We must allow 
no gulf to grow between scientists and the 
great body of educated people. The educa- 
tion of scientists and engineers is now too 
serious a matter to remain wholly the con- 
cern of the profession itself. The liberal edu- 
cation of all people is a matter of equal 
moment to us as scientists. In our generation 
the classical tradition has lost meaning and 
relevance. It contained values and standards 
that we must preserve in the new tradition of 
scientific learning that is now in the making. 
The age in which we live may provide man’s 
We have in hands the 


mon culture 
called, the 


greatest epic. our 





power to destroy ourselves or to survive in 
unity, in peace, and prosperity. 


Writing in the Atlantic Monthly on 
“Scientist and Humanist,” Professor 
I. I. Rabi, distinguished Nobel Laureate 
in Physics and Chairman of the Presi- 
dent’s Scientific Advisory Board, 
stated... 


Anti-intellectualism has always been en- 
demic in every society, perhaps in the heart 
of every human being. In times of stress this 
attitude is stimulated, and people tend to 
become impatient and yield to prejudice and 
emotion just when coolness, subtlety and 
reason are most needed eee How can we hope 
to attain wisdom, the wisdom which is 
meaningful in our time? We certainly 
cannot attain it as long as the two branches 
of human knowledge, the sciences and the 
humanities, remain separate and even 
warring camps. 


Integrating Science into Our Culture 

Making science a part of our culture 
is a worthy objective for a college of 
liberal arts. Whether we like it or not, 
we do live in a technological civilization 
founded upon science, a civilization that 
will rise or fall as science and liberal 
education prosper or as they fail. To be 
truly literate, one must have an apprecia- 
tion for the values and modes of thought 
of the sciences as well as of the humani- 
ties. 

Too often in the past the humanists 
have exhibited a prideful illiteracy in 
science, and technical men have been 
notoriously illiterate in the humanities 
and the arts. It need not be so—in fact 
it must not continue to be so if we are 
not to succumb to the rising hysteria 
and anti-intellectualism of our times. Q 
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HELIUM FLOW CHART . 


TRUCK 


BRINGS LOW-PRESSURE 
HELIUM IN TANKS 


Helium Tunnel 


The Research Laboratory 
ates what is believed to be the largest 


how oper- 
and fastest helium wind tunnel in the 
world. Helium, the same gas that fills 
slow-moving blimps, is being used in 
studies of problems associated with the 
ultrahigh-speed flight of satellites, mis- 
siles, and meteorites. 


Highest Supersonic Speeds 


With helium serving as a “stand-in” 
for air, the new facility has produced the 
highest Mach numbers ever attained in a 
wind tunnel, reaching velocities in 
helium corresponding to Mach number 


28—28 times the speed of sound. Accord- 


RAZOR BLADE is held in helium stream at Mach 22. The white line repre- 


sents shock wave; the dark inside line marks the boundary layer. 
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HIGH PRESSURE 


ing to Dr. Guy Suits, Vice President and 


Director of Research, the attainment of 


record-breaking Mach numbers 


represents progress toward better under- 


these 


standing of the problems of high-speed 
flight. 

The launching of the first U.S. satel- 
lite. Explorer L required speeds cor- 
responding to a Mach number of ap- 
proximately 25 in air. A Mach number 
of 35, based on sea-level sound velocity, 
would be for an object to 
escape the earth’s gravitational field. 


necessary 


Mach numbers in this region may be 
reached in future experiments. 


Studies at the Laboratory, partly 
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TEST SECTION DIFFUSER 


SECTION 


RAISES PRESSURE 


MODEL 


NOZZLE 
1/10 INCH 
DIAMETER 


3.6-INCH OR 
6-INCH DIAMETER 


Tests High-Speed Models 


Air Foree. make 


helium 


sponsored by the U.S. 
tube in 
flows past a model that may represent. 


use of a metal which 
for example, a missile or its nose cone. 


In most conventional wind tunnels, 
huge compressors send a stream of air 
past the model being studied. But in this 
new helium tunnel, the compressed gas 
is stored in tanks and then allowed to 
escape through a nozzle into the test 
section, where a near-vacuum is main- 
tained. 

Then as the expanding gas 


down the tube past the model, very high 


rushes 


velocities—together with very low tem- 


peratures and pressures—are produced. 


HELIUM FLOW forms shock-wave pattern around a %-inch 
hemispherical model in tunnel at Mach 28. 
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GASES 


RELEASED INTO 
ATMOSPHERE 


VACUUM 
PUMPS 


Static temperatures only two or three 


degrees above absolute zero have been 
obtained at the Laboratory during runs 


lasting from seconds to minutes. 


More Research 


“The growing interest ol the General 
Kleetric 
flight has resulted in a pressing need for 


Company in very-high-speed 


understanding of the flow of 
air above Mach 20.” stated 
Robert H Johnson. mechanieal engineer 


a greale! 


number 


conducting the helium-tunnel  experi- 


ments in the Laboratory’s recently com- 


pleted $1.2-million Gas Dynamies 
Facility. 

“This interest in the mechanics of 
fluids is not, however, a recent develop- 
ment for General Electric.” Johnson 
added. “It began with the cut-and-try 


methods of the early days of the steam 


turbine and the oscillating wall fan. 


Today this empirical approach has 
matured into sophisticated theories that 
make possible continued improvements 
in the design of steam and gas turbines, 


as well as the acquisition of new knowl- 


edge in the field of very-high-speed 
flight.”’ 
Helium is used in the tunnel in order 


to avoid some of the complexities that 
face the researcher studving high-speed 
flight in air. At extremely high speeds, 
air breaks down into an assortment of 
elements, compounds, and ionized par- 
ticles that 
to the air we 


bear almost no resemblance 
breathe. Helium, however. 


the stablest substance in the universe, is 
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CONE-SPHERE MODELS used in experiments relating to the very-high-speed flight of missiles 


ire examin 


“d. Model is visible inside tunnel’s test section (above schlieren camera). 





VACUUM PUMPS for helium tunnel fill an entire room and maintain a vacuum in the test 


section of the tunnel. Helium flows through a | 


not subject to the great changes that 
occur in airs properties and composi- 
Additionally, helium has an ex- 
liquefaction temperature, 


tion. 
tremely low 
which ensures that it will not liquefy, as 
air would, when it passes through the 
tunnel passages and through the shock 
waves that occur in front of the model. 

\s a result of helium’s more tractable 
behavior, it is possible, by analogy, to 
obtain information on the dynamie and 
behavior of air at high 
Chis information, to- 


viscous 
Mach 


gether with data from complemeatary 


very 


numbers. 


10-inch orifice (inset). 


research tools, such as shock tubes, con- 
tributes to a better understanding of the 
complex actual behavior of air under 
similar conditions. 

Test sections with diameters of either 
3.6 or 6 inches can be used in the tunnel. 
depending Mach 
desired. Models up to one inch in diam- 
eter can be studied, with data taken by 


upon the number 


means of manometer-board readings and 
schlieren photographs. The latter make 
visible the differences in pressure by 
means of variations in the refraction of 
light. Q 
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While the fission process uses 
neutron bombardment to ini- 
tiate splitting of a very large 
nucleus, fusion depends on a 
high-velocity collision of two 
light nuclei. About 0.1 percent 
of the nuclear mass is con- 
verted to energy either way. 
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The Problems of Mastering Thermonuclear Power 


Controlled fusion could release power from deuterium in a gallon of water equal 


to energy from 350 gallons of gasoline—swelling man’s fuel reserve immeasurably. 


By DR. HENRY HURWITZ, JR. 


laymen as well as 


Many 


scientists, regard the control of the 


people. 


fusion process to produce useful power 
as the most challenging problem faced 
by modern technology. Indeed, it has 
that the 
thermonuclear 
(merican 


been said progress toward a 


controlled reaction an- 
nounced recently by and 
English scientists has more important 
bearing on the future of mankind than 
the launching of earth satellites. 


The aspect of thermonuclear power 


Dr. Hurwitz—Manager, Nucleonics and Radiation 
Section at the Research Laboratory for the past 
1% years—joined General Electric in 1946. For 
10 years he served on the staff of the Knolls 
Atomic Power Laboratory. Prior to that he was a 
physics instructor at Cornell University, and he 
worked at the Los Alamos Scientific Laboratory in 
Dr. Edward Teller's group on problems related to 
the hydrogen bomb. An outstanding reactor physi- 
cist, Dr. Hurwitz was named by Fortune in 1954 as 
one of 10 leading scientists in industry. 
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most striking to the imagination is that it 
offers the possibility of fulfilling civiliza- 
tion’s power needs for a virtually un- 
limited time. Perhaps I can most vividly 
express the magnitude of the energy 
reserves that would become available to 
us with its successful development by 
telling you that one gallon of ordinary 
water contains enough heavy hydrogen, 
or deuterium, to provide energy equiv- 
alent to 350 gallons of gasoline. This is 
despite the fact that the deuterium con- 
stitutes only about one part in 6000 of 
the hydrogen in ordinary water. Sepa- 
rating the deuterium from the ordinary 
water can be done at a nominal cost 
only a few pennies per gallon of water 
processed. 

Our excitement about this potentially 
vast source of energy must be somewhat 
tempered by the knowledge that we in 
the United States have fossil fuels that 
would last us for many decades if we 
were willing to burn them up rather than 
to reserve them for more important 
chemical processes. Then, too, the use 
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of the fission process for fulfilling our 
power needs is rapidly approaching tech- 
nical maturity, and our supplies of the 
raw materials needed for fission power is 
large indeed. Even with our rapidly ex- 
panding use of power, the fission process 
would suflice for many generations. 


Advantages of Fusion Over Fission 


But it is not necessarily true that the 
use of thermonuclear power would be 
deferred until our reserves of fissionable 
material were exhausted, any more than 
the use of fission power is awaiting the 
depletion of our reserves of chemical 
fuels. 


tages of the fusion process that would 


Indeed. we foresee certain advan- 


make us wish to utilize it at a relatively 
early date. For example, in a thermo- 
nuclear power plant the problem of 
radioactivity would be significantly less 
severe than in a fission power plant. 
Although some radioactivity would be 
associated with a thermonuclear plant, 
the worst actors—the long-lived fission 


products -would be absent. Also, ther- 
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monuclear power is particularly suited 
to directly converting some of the heat 
energy to electricity without the use of 
conventional turbines and generators. 
Not yet knowing what all the practical 
plant 


problems of a thermonuclear 


would be, we cannot be sure that these 


plants, though technically feasible, 
would replace fission plants. But it 


seems unlikely that fission plants will be 
made obsolete by thermonuclear plants 
in the immediate future. Our interest in 
the long-range problems of fusion power 
must therefore not cause us to hesitate 
in the more immediate problem of 
developing the fission power industry. 

To scientists, the quest for thermo- 
nuclear power has a great fascination 
even aside from the tremendous prac- 
tical stakes. 


the creation and study in the laboratory 


Fusion research leads us to 


of conditions that exist only in the 
stars or, very transiently, in atom and 
hydrogen bombs. 

We unfortunately do not have avail- 
able to us the vast size and gravitational 
forces which lead to thermonuclear con- 
ditions in the stars. Although it has been 
seriously suggested that thermonuclear 
power be obtained from confined hydro- 
gen bomb explosions, this brute force 
many 


approach is, in respects, less 


attractive than a fully controlled ther- 
monuclear reaction. 
Scientists who are trying to control 
the thermonuclear reaction are there- 
fore forced to seek out methods that, as 
far as we know, have never been success- 
fully applied in nature—et alone by 
man. Before describing these methods, I 
should like to discuss some of the funda- 


thermonuclear 


mental properties of 


processes. 


How Fusion and Fission Differ 


First, let me clarify the difference be- 
tween the fission and fusion processes 
(illustration). The fission process cor- 
responds to the splitting of a very large 
nucleus, initiated by neutron bombard- 
ment. The fusion process, on the other 
hand, corresponds to joining two light 
nuclei, initiated by causing these nuclei 
to collide at high velocity. The some- 
what paradoxical fact that both of these 
processes can liberate is @X- 
plained by the circumstance that the 


energy 


neutrons and protons in nuclei of inter- 
mediate size are more strongly bound 
together than in either the lightest or 
Although only 


the heaviest nuclei. 
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*'Scientists seek methods never applied in nature —let alone by man. 


about one-tenth percent of the nuclear 
mass is turned into energy in either re- 
action, this relatively small conversion is 
nevertheless more than a million times 
greater than that typical in chemical 
reactions. 

In addition to the deuteron-deuteron 
(D-D) fusion reactions, a fusion reaction 
can occur between deuteron and triton 

heavy-heavy hydrogen. This deuteron- 
triton (D-T) addition to 
liberating about five times the energy 
of the 
occurs much more rapidly. 


reaction, in 


reactions, 
Unfortu- 
the hydrogen isotope tritium 


deuteron-deuteron 


nately, 


does not oceur in nature, so_ that 
although it could be produced artificially 
by neutrons emitted from the fusion 
process, this added requirement would 
considerabl) complicate the operation 
of a thermonuclear power plant. 

The experimental observation of the 
D-D reaction was first reported by 
Oliphant, Harteck, and Rutherford in 
England in 1934, Although only four 
years elapsed between the discovery of 
fission in 1938 and the first successful 
1942, scientists 


have already had a quarter of a century 


chain-reacting pile in 
in which to consider ways to obtain 
useful power from fusion, 

You may well ask, why has controlling 
the fusion reaction proved to be such a 
hard nut to crack? The answer is that we 
do not have the services of the neutron, 
which plays so remarkable a rale in the 
fission chain reaction. The key to the 
neutron’s effectiveness is that it has no 
electric charge and so can easily pene- 
trate into the uranium nucleus and cause 
it to split. In the fusion reaction, on the 
other hand, both of the particles that 


electric 


participate have au positive 
charge. and so they repel each other 
beeause of the electrostatic force be- 


tween two like charges. They can only 
come 
them is shot toward the other with high 
enough velocity to penetrate the barrier. 


close enough to react if one of 


Energy Balance 


Fortunately, in the fusion reaction the 
energy required to produce the reaction, 
though large, is small compared with the 
energy liberated in the reaction. For 
example, the reaction “cross section” (a 
measure of probability of the reaction) 
becomes large when the relative energy 
of the reacting particles is a few tens of 
kilovolts, whereas the energy yield for 
the D-D reaction is about 3.5 Mev. (An 
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Mev—the energy attained by an electron 
on falling through a potential of a 
million volts—is 1.6 x 10-¢ ergs.) 

Again, you may ask, why can’t power 
be generated by simply accelerating a 
beam of deuterons and firing it into a 
deuterium target? (This is essentially 
how the reaction was discovered in the 
first place.) And again, the rub lies in 
the Coulomb force between charged 
particles. A long-range force, it acts over 
large distances, causing many more 
scattering collisions than actual nuclear 
reactions. These scattering collisions 
provide an effective means of energy 
sharing between particles by the billiard- 
ball effect. Hence, if a high energy 
deuteron is shot into a target, it will 
very quickly give up all its energy to the 
target particles, and only rarely will a 
nuclear reaction ensue. The nuclear re- 
actions that do occur provide a slight 
contribution to target heating beyond 
that due to the kinetic energy of the inci- 
dent beam alone. But the infinitesimal 
gain in energy cannot be effectively used 
to produce net power output, because this 
gain is much smaller than the losses 
inherently associated with converting 
heat back to electricity. 

Many 
for obtaining energy from the fusion 
process have foundered upon the fact 
that the 
charged particles by Coulomb collisions 


otherwise ingenious schemes 


energy exchange between 
is so large. A careful study of the rele- 
vant numbers forces the conclusion that 
there is little likelihood of finding any 
scheme, however clever, that will pro- 
duce a net energy yield under conditions 
in which the temperatures of the various 
types of charged particles are not of 
comparable magnitude. 

Because energy loss by radiation re- 
quires a relatively long time, we can 
envisage a situation in which the particle 
temperatures are high and the radiation 
temperature is low. This is most for- 
tunate. For at the temperatures at which 
the fusion reaction begins to take place 
at a significant rate, the pressure and 
heat flux of thermal radiation would be 
entirely too large for terrestrial mecha- 
nisms to handle. 

The major process by which a hot, 
fully ionized gas can radiate is the 
acceleration of the electrons as they 
collide with the ions. The rate of radia- 
tion varies directly as the square root of 
the temperature. On the other hand, the 
rate of the fusion reaction increases 
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UNSTABILIZED 


PINCH 


Confining Gas Plasma 


exponentially with temperature in the 
relevant range. Because the energy pro- 
more rapidly than 


duction increases 


does the radiation loss. we can define an 


ignition temperature for a_ thermo- 
nuclear reaction above which the energy 
production exceeds the radiation loss. 
This temperature is 35 ky, or 350-million 
degrees Kelvin (K), for the D-D reac- 
only 4 ky. or 40-million 
degrees, the D-T The 
ignition temperature provides a lowe1 
limit to the which a 


thermonuclear power plant must oper- 


tion, but 


for reaction. 


temperature at 


ate, because a gas heated to a tempera- 
ture below the ignition point will cool off 


before much fusion energy has been 
generated. 

The quoted ignition temperatures are 
based on the assumption that the react- 
ing gases are pure. Because the radiation 
losses are drastically increased by small 
impurities of high atomic weight, the 
purity of the reacting gas is an important 
prerequisite to the successful achieve- 
ment of a self-sustained thermonuclear 


reaction. 


Magnetic Containment—Key Concept 

The key concept that scientists hope 
to employ in maintaining a gas at the 
phenomenally high temperatures re- 
quired for the thermonuclear reaction is 
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made with the recently 


MAGNETIC “BOTTLES” 


STABILIZING 
FIELD 


CONDUCTING 
WALL 


MMS nan n° n°n»xmoaay yyy 


STABILIZED 


announced 


that of magnetic containment. This con- 
cept is applicable because in the tem- 
the 
an assembly of free 


terature range of interest gas is 
completely ionized 
electrons and bare nuclei and an assem- 
hlage of charged particles customarily 
referred to as a plasma, a term intro- 
duced by Langmuir. The practical use 
of a magnetic field to control the orbits 
of charged particles dates back to the 
work of Dr. A. W. Hull on the magne- 
tron in 1921. 

Before discussing the problems asso- 
ciated with containment, | 
should like to focus on the specifications 
that the magnetic “bottle” must satisfy. 

If the plasma contains LO" nuclei per 


cubic centimeter, which is a reasonable 


magnetic 


figure to consider, the minimum reac- 
tion mean-free path is several thousand 
miles. The magnetic bottles must thus 
he so perfect that a particle can bounce 
around inside while traveling a distance 
comparable to the earth’s circumference 
without finding a hole through which it 


can escape. 


It can be shown that the ratio of the 


fusion energy generated to the energy 


invested in heating the plasma is pro- 


portional to the product of the pressure 
time of the 


times the containment 
plasma at a given For 


example, for the D-D reaction at a 


temperature. 


stellarator 
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LINES OF FORCE 


STELLARATOR 


at stellar temperatures has been attempted with current-carrying gases that rely on the stabilized 
in @Xx- 


which use current 


and mirror devices, 


pressure of LOO atmospheres and a tem- 
perature of 500-million degrees K, the 
containment time must be about 10 see- 
onds so that the nuclear energy generated 
equals the energy originally supplied. 
The corresponding time for the D-T re- 
action is only about 0.1 second. 

The ability of a strong magnetic field 
to contain a high temperature plasma is 
based on the fact that a particle moving 
in a magnetic field must follow a helical 
path around the magnetic field lines and 
so is, in effect, partially immobilized by 
the field. The helical motion, however. 
tends to reduce the magnetic field so 
that there is a limit to the containment 
pressure the field can exert. The argu- 
ments used by Clerk Maxwell a century 
ago to derive the magnetic stress tensor 
show that this limiting pressure is B’ 87. 
Thus, for example, a 50-kilogauss mag- 
netic field is in a sense equivalent to a 
wall that can sustain a pressure of LOO 
atmospheres. 

The magnetic wall is, unfortunately, 
not completely impervious to penetra- 
tion by the plasma, because collisions 
between the individual particles cause 
their orbits to be displaced from their 
initial magnetic field lines. This process 
results in a gradual diffusion of the 
plasma through the magnetic field. The 
diffusion phenomenon is closely related 
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MIRROR MACHINE 


pinch effect: similar attempts have also been 
ternal coils for their confining fields. 


to the fact that the electric conductivity 
of a plasma is not infinite but limited by 
the collisions of the plasma particles 
with each other. Fortunately, the elec- 
tric conductivity of a plasma at thermal 
nuclear temperature is extremely high 
about 100 times that of copper—so that 
the diffusion process is expected to take 
place slowly enough to achieve the re- 
quired containment times. 

Besides strength and leak tightness of 
the magnetic wall, we must consider the 
crucial question of stability. On the 
basis of my foregoing arguments, an 
engineer could, with perfect equanimity, 
design a water tank with the water stored 
at the top and the air space at the bot- 
tom. He would see no need of providing 
a baffle at the air-water interface to pre- 
vent the water from splashing down 
upon whatever happens to be at the 
bottom. the thermo- 
nuclear engineer has so far not had the 


Unfortunately, 


practical experience with the new regime 
of hydromagnetic plasmas that enables 
him, by common sense alone, to avoid 
such obvious boners. He must therefore 
make complex calculations on each mag- 
netic field and plasma configuration one 
wishes to propose, to demonstrate not 
only that it is in statie equilibrium but 
also that small displacements away from 
equilibrium position will tend to de- 
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crease rather than to grow with time. 


The Stabilized Pinch... 
The theory of hydromagnetic stability 
has been extensively developed in recent 


vears so that it is now possible to 


analyze the stability of a large class of 


geometries on the basis of approxima- 
tions having qualitative validity, at least. 
Many unstable 
both theoretically and experimentally. 


plasma geometries are 


Sut at least one configuration possesses 
a region of complete stability according 
to current theories—namely, the stabi- 
lized pire nh 

For half a century electrical engineers 
knew of the pinch effect in conducting 
liquids. This phenomenon occurs when 
a large current passes through a fluid 
that tends to contract as a result of the 
attractive force between parallel current 
1937. Dr. L. Tonks of the 
Laboratory detailed 


eflect as 


elements. In 
Research gave a 
theoretical discussion of its 
applied to gaseous discharges. 

An elementary consideration of the 
balance of forces in the pinch would lead 
to the conclusion that the equilibrium 
the 


square of the current. From this point 


temperature is proportional Lo 
of view the pinch effect would appear to 
be ideally suited for producing a con- 
trolled for it 
would the 
current to a sufficiently high value to 


thermonuclear reaction, 


only be necessary to raise 
obtain the necessary high temperature. 
Unfortunately, this 


process very far before running head-on 


one cannot carry 
into the problem of stability. 

The idealized pinch geometry has 
uniform rings of magnetic field con- 
stricting the plasma through which the 
discharge is passing (illustration, left). 
When a small perturbation is produced 
in the second and third configurations, 
the magnetic field distorts in such a way 
that it tends to amplify the perturba- 
tions. Theoretically, the imperfections 
that will always exist in any real situa- 
tion will grow with a velocity limited 
only by the sound velocity in the plasma. 


Because the sound velocity is extremely 


high (10° em/sec) at thermonuclear 
temperatures, the unstabilized pinch 


geometry does not offer promise of pro- 
viding long-time confinement. 

\ natural means of attempting to 
eliminate the instabilities is to use ex- 
ternal coils to apply a magnetic field in 
the direction of the plasma electric 
current. Another helpful device is to 
make the walls of the discharge tube out 
of a conducting material that, on a 
short-time scale, cannot be penetrated 












by the magnetic field. Thus, if the plasma 
moves toward one side of the tube, the 
magnetic lines of force are compressed 
and so tend to push the plasma back 
the tube center. Still another 
improvement in stability would be 
realized if the longitudinal stabilizing 
field could be made to exist only in the 
region where the plasma is located and 
not external to the plasma. If the current 
in the plasma were located mainly on 


toward 


the plasma surface, it would create a 
sharp discontinuity in the magnetic field 
direction at the plasma surface, which 
provides a beneficial basket-weave effect. 

Fortunately, we don’t have to invoke 
the services of **Maxwell demons” to ob- 
tain a well-separated field configuration. 
For a longitudinal magnetic field initially 
present in the discharge tube tends to 
be trapped in the plasma when it be- 
the high 
electric conductivity. Because the walls 


comes ionized, because of 
of the discharge tube are also conduct- 
ing, the total longitudinal magnetic flux 
in the tube must remain constant as the 
plasma is compressed, and therefore the 
flux outside the plasma must vanish. 

The advantages of the trapped field 
configuration were recognized a few 
vears ago by scientists in the AEC Proj- 
ect Sherwood, and they were pointed 
out independently in a report by Levine 
and Combes of Tufts University. Theo- 
retical studies by M. N. Rosenbluth in 
this country, R. J. Taylor in Great 
Britain, and V. D. Shrafranov in Russia 
showed that the configuration is indeed 
completely stable, provided that separa- 
tion of the longitudinal and azimuthal 
magnetic fields is sufficiently sharp and 
provided that the plasma is not com- 
pressed to a radius so small that the 
stabilizing effect of the conducting walls 
is lost. 

Although the discovery of 
stabilized pinch configuration consti- 
tuted an extremely important step 
toward the ultimate goal, the progress 
did not come cheaply. For one thing the 
necessity of providing a stabilizing field 


a fully 


that pushes out against the constricting 
field means that the energy that must be 
invested in creating a magnetic bottle of 
the requisite net strength is substantially 

More important, the fact 
cannot compress the plasma 


increased. 
that we 
without limit and still retain stability 
means that attaining sufficiently high 
temperatures is more difficult. We must 
now largely rely on such mechanisms as 
shock heating while the plasma is being 
pulled away from the tube walls and 
upon heating by the resistive effects 
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MECHANICAL SWITCH developed by 


Dr. W. F. W estendorp is used in large-scale 


plasma experiments; it can accurately control 
power in the order of 1000 megawatts. 


associated with the various currents 
flowing through the plasma. The latter 
effect is a double-edged sword, for it is 
intimately associated with the diffusing 
away of the magnetic field that confines 
the plasma. To what extent we can have 
our cake and eatit too remains to be seen. 

Serious experimental investigations of 
the pinch effect as a possible means for 
producing a thermonuclear reaction 
were initiated several years ago by the 
groups of P. C. Thonemann and A. A. 
Ware in England, and the group of J. C. 
Tuck in the United States. Early Russian 
pinch studies were reported by LY. 
Kurchatov in 1956. The first experi- 
ments were conducted in straight or 
toroidal tubes without provisions for 


stabilization. These experiments demon- 
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*e. . we must push ahead boldly 


strated that one could produce tempera- 
tures of the order of LO®K (100 volts) 
for transient periods, but that after a 
few microseconds the instabilities de- 
velop to the point where the plasma 
touches the tube walls and the high 
temperature and ionization are lost. 
These early experiments dramatically 
did produce fusion reactions, as evi- 
denced by the appearance of neutrons. 
But a painstaking series of experiments 
reported by S; A. Colgate and associ- 
ates in Project Sherwood gave the dis- 
couraging result that these fusion proc- 
esses did not occur because the plasma 
was hot, but rather because the plasma 
was unstable. In other words, the fusion 
reactions were associated with the vio- 
lent turbulence that occurs during the 
breakup of the plasma. The turbulence 
associated with the instabilities causes 
such a vast drain of energy, it is little 
comfort that it also causes a relatively 
few fusion first, the at- 
tempts to stabilize the pinch effect re- 
duced the neutron yield; but in the 
more recent experiments the neutrons 
are again relatively abundant, and the 


reactions. At 


plasma temperatures may be well above 
a million degrees. 

One of the most interesting pieces of 
equipment being used in the current 
crop of stabilized-pinch experiments is 
the British Zeta Harwell. 
Zeta—a large metal-walled toroidal tube 
—is filled with gas at a pressure of about 


machine at 


10-* mm of mercury. The gas acts as 
the one-turn secondary of a large trans- 
former. The primary of the transformer 
is fed by electric current from a capacitor 
bank, which stores about half a million 
joules of energy. 

Because of the large physical size of 


this apparatus as compared with that of 


the machines in other laboratories, the 
time scale has been spread out from 
microseconds to milliseconds. This fa- 
cilitates many of the measurements. 
Experiments with this machine have 
shown a neutron yield consistent with 
an ion 500 volts (5- 
million degrees). Doppler broadening 
from 


temperature of 


measurements of optical lines 
nitrogen and oxygen impurities also are 
consistent with a temperature of the 
same magnitude. These facts were origi- 
nally cited as evidence that the fusion 
events were probably not associated with 
instabilities but were indeed bona fide 
thermonuclear reactions. 


Unfortunately, recent experiments on 
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the angular distribution of the neutrons 
have indicated that the fusions are in 
fact not deuterons in 
thermal 
necessary to ascribe the high velocities 


produced by 
equilibrium. It is therefore 
of some of the plasma particles to in- 
stability phenomena akin to those oc- 
curring in the earlier unstabilized pinch 
experiments. The actual situation that 
prevails in the plasma is somewhat ob- 
secure. 

The suggestion has been made that 
certain phenomena discovered by Lang- 
muir many years ago are at work. These 
phenomena, which relate to a strong 
interaction of single particles with col- 
lective oscillations of the entire plasma, 
might very well play a significant role in 
producing the rapid heating observed. 
However, perhaps these phenomena, 
welcome as they are for heating, will 
accelerate the decay of the magnetic 
field and thereby make the containment 
time altogether too short. 

One hopeful aspect: if the tempera- 
ture can be successfully increased, the 
should also in- 
times 


plasma conductivity 
crease so that the 
should automatically 
Also, at the higher temperatures that 


containment 
become longer. 


may soon be obtained, the neutron 
yield becomes a much more reliable 
indication of what is actually going on. 
This that 
mediate future may be rapid indeed. 
AEC have recently de- 


scribed two additional magnetic con- 


means progress in the im- 


scientists 


tainment configurations differing from 
the pinch effect in that the confining 
fields are produced entirely by currents 
in external coils. The external current 
approach has the advantage of enabling 
the magnetic fields to be maintained 
But it 
sim- 


and controlled more easily. 
sacrifices the 
plicity of the pinch concept and does not 


magnetic-field 


some of inherent 


so effectively use the 


energy. 
... the Stellarator... 
The 


dev ices, 


first of these newly disclosed 
known as the stellarator, is 
being explored by the Matterhorn 
Project under the direction of Prof. L. 
Spitzer of Princeton University. The 
stellarator concept developed from the 
idea of holding a plasma in a field 
configuration The 
simplest configuration of this type 

namely, the field produced by a toroidal 


having no ends. 


solenoid current winding—is, however, 
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unsuitable because this field is not 
homogeneous throughout the cross 


section of the tube. This inhomogeneity 
can be shown to cause a drift of par- 


ticles perpendicular to the lines of 


force that would seriously limit the 
containment time. Spitzer has pointed 
out that this difficulty is avoided if the 
individual lines of force do not close 
upon themselves after they have gone 
around the tube. 

One 
called magnetic field “transform” is to 


build the tube in the form of a figure 


means of producing this so- 


eight. A second, possibly more con- 
venient procedure, is to add special 
helical 
torus, 
force to oscillate and gradually rotate 
as they go around the tube (illustration, 
right, page 20). Initial heating of the 
plasma can be accomplished by inducing 
a current the tube as in the 
toroidal pinch experiments. This cur- 


current windings around the 


causing the magnetic lines of 


around 


rent is not large enough, however, to 
cause the plasma to compress. To attain 
thermonuclear temperatures, it is ex- 
pected that another heating mechanism 
will have to be employed in which the 
magnetic lines of force will be made to 
move radially inward and outward by 
alternately increasing and decreasing 
the magnetic field. We expect that this 
magnetic pumping will heat the plasma 
in much the same manner as ordinary 
gases can be heated by rapid compres- 
sion and decompression. 

Ideally, a thermonuclear reactor based 
on the stellarator principle would fune- 
steady-state and so 
would be free from the inefficiencies 
that tend to be introduced by pulsed 


tion as a device 
operation. 


.. and the Mirror Machine 


The second recently announced mag- 


netic configuration—the mirror ma- 
chine—is based on the fact that charged 


particles spiralling around a magnetic 
field line tend to be reflected by a region 
where the magnetic field is stronger so 
that 
together (illustration, page 21). Thus 
the relatively weak field region between 
two separated coils will contain charged 
particles quite effectively, particularly 


the magnetic lines come closer 


if the energy of the particles is high so 
that Coulomb scattering collisions are 
relatively rare. An interesting feature 
of the mirror geometry is that high 
energy particles injected into the con- 
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| toward larger and more powerful experimental machines.”’ 


tainment region can be trapped if the 
magnetic field is increase 
rapidly with time. The increasing mag- 
netic field to add to the 
kinetic energy of the particles by in- 
effects. An extensive program 

way in the AEC 
Laboratory, under the leadership of 
R. F. Post, to explore the applicability 
of the mirror concept to thermonuclear 


made _ to 


also serves 


ductive 


is under Livermore 


machines. 

A second program using the mirror 
configuration was recently initiated at 
Oak Ridge. This program, aimed prima- 
rily at the injection and ignition prob- 
lems, hopes to overcome the serious 
current limitations of high-energy ion 
sources by ascheme in which the plasma 
density can be gradually built up to the 
desired value. The key discovery that 
made this approach feasible is that certain 
arcs developed by John Luce at Oak Ridge 
have the property of converting deu- 
terium molecular ions to atomic ions 
with surprisingly high efficiency. There- 
fore, if the are is run in a strong mag- 
netic mirror configuration, high-energy 
deuterium molecular ions, which can be 
shot through the are, are converted to 
atomic ions, which have trajectories of 
smaller radius of curvature and so are 
trapped by the magnetic field. Presum- 
ably, this injection principle could also 
be applied to the stellarator configura- 
tion. 


The Bold Push Ahead 


At the present stage of our thermo- 
nuclear program—on the threshold of 
producing thermonuclear events but not 
yet having achieved the major milestone 
of a self-sustained reaction above the 
ignition temperature—it is clearly too 
early to say which approach will be most 
fruitful. We are somewhat in the posi- 
tion of a tribe of primitive men attempt- 
ing to produce fire by such methods as 
rubbing sticks or striking stones against 
each other. We observe hopeful signs 
analogous to traces of smoke and sparks 
but have not yet seen the crucial first 
small flame. 

To determine whether the ingenious 
thermonuclear schemes will succeed in 
their ultimate objective of providing a 
practical source of power, we must push 
ahead boldly toward larger and more 
powerful experimental machines. This 
requires solving the imposing engineer- 
ing problems we encounter in learning 
to handle higher power and higher total 


energy and to improve our control over 
the properties of the plasma with which 
we must work. Typical of the equipment 
applicable to these relatively large-scale 
plasma experiments is a mechanical 
switch (photo) developed by Dr. W. F. 
Westendorp of the General Electric 
Research Laboratory. This switch can 
accurately control power in the order 
of 1000 megawatts. 

But in the enthusiasm of our quest 
for more intense discharges and higher 
temperatures, we cannot overlook the 
need for investigations 
directly at enhancing our understand- 
ing of the basic properties of the high- 
temperature plasma upon which we 
center our hopes. It is one of the ironies 
of thermonuclear research that the pro- 
duction of a fully ionized plasma under 
well-controlled and well-understood con- 
ditions is of commensurate difficulty 
with the production of a thermonuclear 
reaction itself. This means that great 
ingenuity and skill must be directed 
toward the design and execution of 
experiments if they are to provide us 
with interpretable information rather 
than confusion. 

The intensity of the effort being ap- 
plied to solving the problems of thermo- 
nuclear power is increasing rapidly 
throughout the world. Our group at the 
General Electric Research Laboratory in 
Schenectady is one of the latest to join 
in the investigation. We eagerly look 
forward to playing an active role in the 
exciting thermonuclear research that we 
foresee in the years to come. Our only 
regret is that Irving Langmuir could not 
still be here to guide us through the 
amazing territory, whose landmarks he 
so clearly perceived many decades ago.2 
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As part of a series of 
studies to determine ra- 
diation effects on chemi- 
cal compounds and living 
organisms, Dr. Hans M. 
Rozendaal examines liv- 
ing human cells being ex- 
posed to cobalt-60. 


Radiation Works for Man = Biological Studies Use 


Modern researchers delving into the effects of radiation are making progress that m 


beneficial discoveries affecting such important areas as food and drug sterilization 


Living human cells exposed to radia- 
tion from a piece of cobalt-60 represent 
part of man’s continuing effort to come 
to terms with a changing environment. 
This work is part of an attempt to learn 
more about the effects of radiation on 
chemical compounds and living organ- 
isms—a subject that might well have 
seemed remote a generation ago but that 
has assumed a disturbing urgency today. 

For a number of these and 
similar studies have been conducted in 
the General Electric Research Labora- 
tory’s Biological Studies Section. Dr. 
Hans M. Rozendaal heads the Section, 
assisted by Dr. W. Dexter Bellamy. 


years, 


Several years ago. the possibility of 


sterilizing food and other materials by 
means of radiation led Bellamy to begin 
a study of the effect of radiation on 
bacteria. In the course of this project, he 
determined the amount of radiation re- 
quired to kill various types of organisms. 
After completing this work, he became 


interested in discovering the factors 
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that could change the sensitivity of 
these bacteria to radiation from x rays. 
Recently he has been investigating the 
effects of such radiation on proteins and 
amino acids—basic building blocks in 
living material. 


Food Sterilization 
Work in this field by Bellamy and 


others has brought knowledge of the 
subject to the point where the U.S. 
Army Quartermaster Corps has been 
scheduling large-scale experiments. The 
Corps plans to sterilize food by irradia- 
tion in quantities as high as 1000 tons a 
month. Sterilization by means of ioniz- 
ing radiation is expected to be par- 
ticularly important when applied to 
certain materials, 
cannot readily be sterilized by heat or 


such as drugs, that 


chemicals. 


Cell Growth 


Members of the section next turned to 
the problem of how radiation would 


affect the isolated cells 


obtained from animals and humans. For 


growth of 


the studies, they use techniques that 
make it possible to grow many genera- 
tions of these cells in incubators kept al 
body temperature, The collection of cells 
that has been built up includes speci- 
mens from normal human skin, liver, 
cells 


cancerous growths in 


and bone marrow as well as 


obtained from 
similar organs. 
These cells, after having been grown 
and carefully nourished during § their 
stay in the incubator, are exposed to 
electron beams, x rays, and ultraviolet 
and infrared radiation. Study under the 
microscope then reveals the reaction of 
both the normal and abnormal cells. 
Differences in sensitivity -between the 
various of cells 
important study area. It is possible that 


types constitute one 
a way might be found to protect cells 
from the undesirable effects of radiation, 
perhaps this could be achieved by the 
addition of chemical compounds or by 
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a New Tool 


ay eventually lead to 


1 and eancer control. 


a change in the oxygen content of their 


environment. 


Amino Acid Changes 


Tissue cultures are also being used in 


other projects. For example, exposure 


to large amounts of ionizing radiation 
can produce chemical changes in com- 
pounds normally present in the human 
body. In some experiments, the exposure 


of amino acids to very large doses of 


high-energy electrons has produced 
changes that make the compounds act 
differently toward the growth of bacteria 
and cells in tissue cultures. Rozendaal 
and his associates are attempting to 
learn more about what the newly formed 
compounds are and why they can inhibit 
the growth of bacteria and tissues. 
Metabolic processes in the treated 
cells are also being studied by means of 
radioactive tracers. These substances 
can be tracked with great accuracy and 
give valuable information concerning 
changes in vital functions.Q 
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Dr. W. Dexter Bellamy (left) conducts studies to determine the effects of radiation on bacteria. Radia- 


Radiation Studies tion specialist Charles Malone monitors radioactive tracers in irradiated tissue. 
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Before Irradiation 

Dark areas are chromosomes, grouped together in cancer cells that 
are about to divide. The large number of cells in the process of division 
reflects the rapid growth—a characteristic of cancer. 





After Irradiation 


Irregularities in size and shape of cells exposed to 500 roentgens from 
cobalt-60 indicate partial destruction (left). Same cells are completely 
destroved after exposure to 1000 roentgens (right). 






























By inoculating a casting with special ad- 
ditives, scientists in the Research Laboratory 
have produced stainless steel with greatly 
refined grain structure (above, right) com- 


pared with characteristic columnar 


grain. 


This technique, although still experimental, 
resulted from a better basic understanding 
of how metals freeze from the melt. With 
E. Van Patten (center) are metallurgists James 


L. Walker (left) and A. J. Kiesler. 


Refining Grain Structure by Inoculation 


The Metals and Ceramics Building at 
General Electric’s Research Laboratory 
is a unique research facility. It re- 
sembles a metal-processing factory, with 
industry-size melting furnaces, extru- 
sion presses, rolling mills, forging 
hammers, and heat-treating furnaces. 
But the building is used only for re- 
search and has no production schedules 
to meet. Here 


experienced metalworkers, 


scientists, assisted by 
perform 
experiments that approach the scale 
of industrial operations to test many 
of the principles discovered in the 
laboratory. New materials and process- 
ing methods are developed and _ eval- 
uated, and significant processes are en- 
larged before them 
operating components of the Company. 


turning over to 


Experimental Stage 

Near the rear of the high-bay area 
and to the left of the mezzanine struc- 
tures, a project is under way that exem- 
plifies an important phase of the work 
being done in the new building. Two 
Research Laboratory metallurgists, A. J. 
Kiesler and J. L. Walker, are performing 
experiments in an attempt to control the 
grain structure of stainless-steel castings 
during the process of solidification from 
the melt. Molten 
poured from an induction furnace into 


stainless steel is 
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a mold, and immediately a_ finely 
divided powder is added to the melt. By 
this inoculating technique, Walker and 
Kiesler experimental 
ingots of stainless steel with greatly 
structure 


have produced 


refined grain structure—a 


expected to improve the properties of 


the casting, especially its ductility. 

Dr. R. L. Fullman, manager of the 
Laboratory’s Materials and 
Studies Section, illustrates the signifi- 
cance of such work by pointing out the 


- 
| rocesses 


great number of processing steps 


through which a metal is ordinarily 
routed to attain the desired grain struc- 
ture. Fullman states... 


It’s not uncommon for a metal to be cast, 
reheated, forged, reheated, rolled, and then 
heat-treated—all to produce the 
grain structure. The truth is that frequently 
the only reason for casting an ingot first, 
rather than casting the metal directly to the 
final shape, is that much reliance is placed 
on further processing to achieve the desired 
structure and, therefore, the desired prop- 
erties. If we ever find how to control the 
structure in the freezing that 
these properties are in the casting, further 
working will frequently become unneces- 
sary, and the final product will be a great 
deal cheaper. 


desired 


process SO 


The properties of a metal are deter- 
mined by two factors: 1) the composi- 
so much carbon, 


and 2) 


tion—in gross terms, 


so much iron, so much nickel 
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the structure, which includes the size 
and shape of grains (crystals), the nature 
of the boundaries between the grains, 
the presence of second phases (that is, 
smaller crystals dispersed in the grains 
or along the grain boundaries), and 
residual stresses in the material. 

Because structure depends largely on 
the processing of metals, a concentrated 
effort is now being made both here and 
elsewhere to apply scientific principles 
to the many phases of metal processing. 
Walker and Kiesler’s objective: prepare 
fine-grained structures from an ordinar- 
ily coarse-grained material. In other in- 
stances, notably alnico magnets, the 
reverse is true: coarse columnar-grained 
materials (which maximize the magnetic 
properties) are derived from ordinarily 
fine-grained materials. 


Producing Grain Refinement 

The method of producing grain refine- 
ment in stainless steel, developed by 
Walker and Kiesler, is accomplished by 
adding to the melt a material that pro- 
duces effects: 
around which erystals can form from the 


two Ll) provides nuclei 
melt and 2) changes the freezing tem- 
perature in a localized region of the melt 
so that the nucleation particles will 
effectively 


be able to produce grain 


refinement. 
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The study of nucleation is concerned 
with how the first solid material forms 
from the liquid in the freezing process. 
In a crystalline solid the atoms form an 
orderly geometric array; however, in a 
liquid they are disposed essentially at 
random. Thus the problem of nucleation 
is to bring order from chaos—thermo- 
dynamically possible only under certain 
conditions. 

When the free energy associated with 
the solid is lower than the free energy 
of the liquid, freezing can occur. When 
the energy balance is tipped the other 
way, freezing cannot occur. These 
energy terms are related to the tem- 
perature and the size of the particle 
trying to grow. A particle must be larger 
than a certain critical size before it can 
grow from the melt at a given tempera- 
ture—the smaller the particle, the colder 
the liquid phase must be. 

It has been known for some time that 
phase changes are nucleated by bits of 
foreign matter larger than critical size 
and sufficiently like the freezing crystals 
to act as seeds for their growth, When 
such particles are absent, a liquid re- 
quires a large amount of supercooling 
before it begins to freeze. A spectacular 
demonstration of nucleation was 
afforded by the famous weather experi- 
ments of Langmuir, Schaefer, and 
Vonnegut, when silver iodide crystals 
were used as nucleating agents in pro- 
ducing snow from. the supercooled 
vapors in clouds. 

Vonnegut later turned his interest to 
the study of nucleation in metals. He 
joined Dr. David Turnbull, and together 
they worked out a theory correlating 
the effectiveness of certain nucleating 
erystals with the degree of similarity 
between their crystal structure and that 
of the freezing crystal. 


Applying the Theory 


Then Turnbull and Walker got to- 
gether and planned a research project 


that would apply the theoretical work of 


nucleation to practical foundry work. 
lhe grain-refinement program arose from 
this planning. Later Kiesler—a_ metal- 
lurgical engineer with wide experience 
in foundry practice—joined Walker. 
Solidification of tiny droplets of metal 
in a laboratory experiment and solidifi- 


cation of a foundry-size casting, of 


course, pose many different problems 

a major one being that of heat transfer. 
Consider what happens when molten 
metal is poured into a mold (illustra- 
tion). Because the melt cools more 
rapidly near the mold walls, solidification 








REVIEW 





sENERAL 





TRIC 





ELEC 


JULY 1958 


begins there. Grains start to form around 
impurities at the walls, then gradually 
extend toward the center of the melt. 
For solidification to proceed, heat must 
be conducted from the liquid through 
the liquid-solid interface and into the 
mold wall. Because the heat flows in that 
direction, the liquid ahead of the inter- 
face must be hotter than the interface, 
which is at the freezing temperature, and 
nucleation cannot occur except at the 
interface. The grains that form near the 
mold walls ordinarily continue to grow; 
no new grains are permitted to form 
ahead of them in the melt, even though 
the proper type of nucleating centers 
may be available. This type of growth 
accounts for the characteristically large 
columnar-grain structure of stainless 
steel. 

Fortunately the principle of constitu- 
tional supercooling can be utilized to 
prevent columnar growth. Walker and 
Kiesler did this by adding certain ma- 
terials to the melt that alloy with the 
metal being cast but have greater affinity 
for the liquid state than for the solid. As 
the crystal freezes from the melt, it 
rejects part of this material and enriches 
the solution near the interface. There- 
fore, the liquid immediately ahead of the 
interface has a composition different 
from that of the rest of the melt; if the 
impurity is the proper type, it also has a 
lower freezing temperature. 

Now solidification proceeds in this 
manner: As before, crystals first begin 
to form at the mold wall; as they grow, 
the liquid just ahead of the freezing zone 
changes to a composition with a lower 
freezing temperature than the rest of the 
melt. The temperature profile remains 
the same: the liquid is hottest at the 
center of the casting and coolest at the 
mold walls. 

But now this zone of changed com- 
position acts as a buffer to keep the 
metal immediately adjacent to the frozen 
part in the liquid state until the liquid 
elsewhere has cooled below the freezing 
temperature of the main composition. 
Thus erystals will form in the interior of 
the melt rather than at the inierface, 
even though the temperature of the in- 
terior is higher. As a result the colum- 
nar grains are choked off, and the desired 
fine-grained structure is achieved. 

Nucleating centers of the proper type 
are still necessary for solidification. Thus 
two types of impurities must be added 
for grain refinement: a soluble impurity 
to produce constitutional supercooling 
and an insoluble impurity to form the 
nuclei for freezing. Q 
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ADDITIVE CONCENTRATION 


LC Sa 


LOW MEDIUM HIGH 


COLUMNAR GRAINS form at mold wall, 
grow inward. Additive rejected from grow- 
ing crystals accumulates near interface and 
depresses the freezing temperature there. 


FREEZING TEMPERATURE 





DISTANCE FROM INTERFACE —— > 
PRIOR TO INOCULATION, or in the usual 


situation, metal is at freezing temperature 
only at liquid-solid interface; so columnar 
grains grow inward from mold walls. 


FREEZING TEMPERATURE 


DISTANCE FROM INTERFACE ———>> 
AFTER INOCULATION a supercooled region 


represented by the crosshatched area—is 
formed, and new grains begin to freeze out 
ahead of the advancing interface. 
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AUTOIGNITION 


\ shock tube in the Combustion and 
Gas Dynamics Building is being used to 
study how liquid-fuel sprays burn when 
injected into air at high temperatures 
and pressures. In a 50-foot-long tube. 
900 psi 


phragm, sending a shock wave down the 


air at bursts an acetate dia- 
tube at velocities up to 1.5 times the 
speed of sound. ©. W. Moon (photo, left) 
is shown installing this diaphragm. After 
the shock wave has been reflected from 


the end of the tube, fuel is injected into 


peratures ranging between 600 and 


1300 F. 
George 


Mullaney 


reaction that takes plac e al speeds up to 


photographs the 


8000 frames per second, with the aid of 
the Fastax 
these 


camera. 
other instru- 
that 


in engine design is 


From films and 


mentation, new information may 


prove important 
gathered on the vaporization of the fuel. 
the time lag between injection and igni- 
which 


tion. and the “fast reaction” in 


the fuel burns. 


the air, which is at predetermined tem 


Probing into Chemical and Physical 


Synchrotron helps nuclear physicists investigate structure 


discharge phenomena in original gases with shock tubes 


STRUCTURE OF MATTER 


High-energy research revolves about the 
300-million electron-volt (Mev) synchro 
tron. In its design and construction, as well 
as in its continued application to research 
problems in nuclear physics, it stands as the 
latest in a series of noteworthy Research 
Laboratory advances in the investigation of 
the structure of matter. The big machine, 
operated by the Electron Physics Depart- 
used for research since 


ment, has been 
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DISCHARGE IN GASES 


The use of a shock tube facilitates the ducing light. Spectra of the light produced 
studies of discharge phenomena in gases. are photographed through the quartz see- 
In a 10-foot-long tube, a low-molecular- tions at the end of the tube. In one trial, 
weight gas at high pressure is allowed to helium at four atmospheres and xenon at 
expand suddenly into a high-molecular- one millimeter produced temperatures of 
weight gas at low pressure. The resultant about 10,000 K. 
shock wave travels down the tube at super- Dr. Walter Roth (left)—phvysical chemist 
sonic speed. The high temperatures asso- and George Brengelmann—physicist 
ciated with the shock wave excite and photograph the shock-excited spectrum in 


ionize the high-molecular-weight gas. pro- the laboratory. 


_Phenomena with Shock Tube and Synchrotron 


of matter: chemists study autoignition of liquid-fuel sprays and gas 


producing supersonic velocities. 


1953. Its predecessor, a 70-Mev machine, 
was the first working synchrotron in the 
United States. 

Dr. William Jones, Jr., (photo, left) 
phones control room while checking a 
Cerenkov counter—which measures the 
energies of x-rays produced when the syn- 
chrotron’s beam interacts with matter. 
Jones, Dr. James Rouvina, and Dr. Howard 
Kratz (photo, right) are participants in the 


project. 
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PERMANENT 
MAGNET 


PERMANENT 
. ; MAGNET 
Unconventional generating meth- 


ods produce electricity without the 
use of rotating machinery or com- 
monly used batteries. They involve 
phenomena that convert dif- 
ferent forms of energy—mechan- 
ical, thermal, chemical, and radio- 
active—to electric energy. 


Small-Scale Unconventional Power Sources Now 


Arising from the demands of an increasingly complex technology, the search into 
tricitv has uncovered definite possibilities. Some might overcome and even take 


By DR. JOHN F. FLAGG 


electricity 


Methods for 


have always aroused great scientific and 


generating 


technological interest. Electric power in 
amounts that range from microwatts to 
megawatts can be generated in many 
ways—utilizing fossil fuels, the tides. 
nuclear phenomena, geothermal energy. 
or solar energy, either directly or indi- 
rectly. As these energy sources generally 
require large installations for their 
utilization, they are best suited for pro- 
ducing power on a substantial scale. 

great variety of 


In recent years a 


special needs powering satellites. for 


instance—have demanded sources for 
producing power on a smaller scale. 
Certain phenomena, and they are nu- 
merous, have received attention as pos- 
sible “unconventional” power sources. 
By unconventional generating methods, 
we mean those ways of generating elec- 


tricity other than by the use of rotating 


Dr. John F. Flagg is a member of the Project 
Analysis Section of the Research Laboratory. 
Joining GE in 1946 as a research scientist at the 
Laboratory, he became Manager of Chemistry and 
Chemical Engineering at the Knolls Atomic Power 
Laboratory and later Manager of Industrial Atomic 
Products for the Atomic Power Equipment Depart- 
ment. The Project Analysis Section helps to 
establish the priority and scope of research effort 
in different scientific areas and to evaluate the 
results of research to speed application and de- 
velopment by the Company’s operating components. 
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machinery or commonly used batteries. 
Instead, they involve phenomena that 
provide various means of converting 
different 
thermal, chemical, and radioactive (in- 
cluding radiant)—to 
(For the story of solar energy, excluded 
here, refer to the article in the Septem- 
ber 1957 Review, page 26.) 


forms of energy—mechanical, 


electric energy. 


Converting Mechanical Energy 


The following are some methods that 
can be used to convert mechanical 
energy to electricity tm 

. . . Piezoelectric effect. When a crys- 
tal such as quartz or sodium potassium 
tartrate (Rochelle salt) is compressed or 
otherwise deformed by stretching, twist- 
ing, or bending, opposite faces become 
oppositely charged. The charging is 
reciprocal with the mechanical motion; 
that is, the charges reverse with reversal 
of the impulse. Under optimum condi- 
tions of operation the conversion efh- 
ciency of mechanical to electric energy 
can be substantially in excess of 50 
percent, and power can be produced in 
the range of a few 
centimeter of crystal surface. Numerous 
opportunities exist for the study and 


watts per square 


application of such devices for small- 
scale power production in environments 
where mechanical energy, such as vibra- 
tion, is available. 

.. . Electromagnetic The 
principle of electromagnetic induction is 


induction. 


the classical basis for generating electric 
power through the agency of rotating 
Vibratory, or 


machinery. oscillatory, 


motion is converted in the variable 
reluctance phonograph pick-up to elec- 
tricity, and this device thus is an ele- 
mentary sort of power source (illustra- 
tion). 
Recently 
interest in oscillating generators as small 


there has been broader 
power sources. Under the sponsorship 
of the Wright Air Development Center, 
experimental oscillating generators have 
been built at Oklahoma A&M College 
with the objective of producing power. 
These units have delivered about '2 watt 
at 0.3 amp and 3 volts, employing fre- 
quencies up to LOO eps. 

These generators reportedly produce 
no electrical noise, and it has been sug- 
that might be 
achieved by 
the oscillating mechanism. 


high voltages 


use of appropriate snap 


sested 
gester 


action in 
Mechanical problems would be the con- 
sequence of vibration rather than rota- 
tion, as in conventional generators. Out- 
put may be increased by the utilization 
of a higher oscillation frequency, or 
greater flux density in the air gap of 
the magnet. 

Magnetostrictive effect. In another 
form of induction the magnetic flux 
dimensional 


variation attendant 


changes in a magnetized material can be 


upon 


used to induce an electromotive force 
(emf). Compression may be achieved by 
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Assume New Significance 


unconventional methods of generating elec- 


advantage of environmental limitations. 


subjecting a core within a coil to pres- 
sure waves, as from an acoustic source. 
When used in the conversion of electric 
the 


strictive conversion efficiency will be as 


to mechanical energy, magneto- 
high as 90 percent. The corresponding 
figures for the reverse phenomenon have 
not been published. 

. . Electrostatic generation. Many lab- 
for 
me- 


oratory devices have been made 

electricity by 
\ well-known modern 
the Van de Graaf 


generator, which operates on the prin- 


generating static 
chanical action. 
version of these is 


ciple that a charged conductor will 
transfer its charge to a hollow second 
conductor upon contact, regardless of 
the charge on the latter. Maximum volt- 
ages as high as 10 Mev are attainable in 
these machines. In general, they are 
characterized by a very low power con- 
version efficiency and a maximum cur- 
the 


hundred microamperes. 


range of a few 
Such 


are of importance in nuclear research 


rent output in 


devices 


but have received no serious considera- 
tion for electric power generation on 
any scale. 

. Streaming potential. A potential 
is generated when a fluid flows past a 
solid the 
streaming, or electrokinetic, potential. 


surface; this is known as 
This principle is used in the electro- 
kinetic transducer, in which fluid moves 
through a porous solid, such as sintered 


glass, under sonic impulses. An alter- 
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1958 


nating current is produced having the 


same frequency as the sonic impulse. 


The device has been used to measure 
pressure fluctuations in oil pipelines, but 
the 


efficiency, the device is probably the 


in view of low power conversion 
least promising of the mechanical con- 
verters as a power source, Some charac- 
converters 


teristics of the mechanical 


are shown in Table I. 


Conversion of Thermal Energy 
The 


production of an emf upon heating a 


Thermoelectric generation. 
junction of two dissimilar materials has 


long been recognized—and in recent 


years intensively studied—as a possible 
source of electric power. The materials 
may be either elements or compounds. 
In general, thermoelectric generators 
have shown conversion efficiencies of up 
to 10 percent. The actual value is usually 
a function of materials and design. They 
have small power and relatively large 
weight and volume per watt of output 
(Table Il). Though they contain no 
moving parts, mechanical complexities 
can arise in fabrication. 

\t present, there is much interest in 
using semiconductors for thermoelectric 
generators in place of metal couples. 
The semiconductors offer the prospect 
of operating at high temperatures and 
high temperature gradients; in addition, 
they must possess low thermal conduc- 
tivity, low resistivity, and large junction 








potentials, compared with materials 
hitherto available. 
Thermoelectric emfs may also be 


produced in electrolytic cells in which 
the electrodes are of the same metal 
but are held at different temperatures. 
\ salt of the metal is used as the cell 
electrolyte. The thermogalvanic poten- 
tials thus obtained may be considerably 
higher than from thermocouples. 

.. . Thermionic emission. Thermionic 
emission is the liberation of electrons 
from a the kinetic 
energy imparted to the electrons by the 


surface through 
application of heat. The emission cur- 
rent density (amp/cm?) is a function of 
the absolute temperature and the work 
function of the emitter. For many years 
the process received little attention as 
a source of electric power, owing pri- 
marily to the very low conversion 
efficiency. 

However, interest in the thermionic 
generation of electricity has recently 
been stimulated by the Research Lab- 
oratory's announcement of a contact 
potential thermionic emission cell. In 
this device, current flows between the 
surfaces of two materials having dif- 
ferent work functions. These materials 
are held at different temperatures, and 
the gap between the electrode surfaces 
is filled with gas at low pressure. In this 
respect, there is an important distinction 
between it and the thermocouple: the 
electrodes are at different temperatures, 
thereby increasing the efficiency. 

Experimental converters already have 
changed more than 8 percent of the 
applied heat energy into electric power, 
and conversion efficiencies of as much 
as 30 
thermionic converter is a low-voltage 


percent are anticipated. The 


high-current device, with a power out- 
put near 3 watts/cm?2 of electrode sur- 
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‘Nuclear energy appears in two forms:...in the fission of uranium | 


face, at a current density of 4 amp/cm?. 
Individual elements could be cascaded 
for desired voltage and current char- 
acteristics. 

generation, \ 
thermomagnetic that 
patented in 1935 depended for its action 


Thermomagneti« 


generator was 


on the alternate heating and cooling of a 


magnetic material, which produced 
changes in the relative magnetic perme- 
ability of the material. These changes 


altered the flux in a magnetic circuit. 
which in turn induced an emf in a coil. 
The heat was supplied as a heated gas, 
controlled by a suitable valving mecha- 
nism. The output frequency of such a 
device would be determined by the time 
constants in the heating and cooling 
evcle of the magnetic material (illustra- 
tion, page 30). 

Pyroelectric phenomena. When 
heat or infrared radiation falls on a 
properly oriented crystal, such as tour- 
a potential is 
generated faces of the 


erystal. After they cool, the signs of the 


maline or tartaric acid, 


between two 
charges are reversed. This phenomenon 
has been used to measure small tempera- 
ture variations by observing changes in 
the pyroelectric current. The current 
produced in such devices is generally in 
the range of millimicroamperes; the very 
low power developed in these systems 
limits their possibilities as power con- 
verters. Some characteristics of the 
devices for converting heat to electricity 
are given in Table II. 


The 


Phase-transition potentials. 


TABLE I—MECHANICAL-ELECTRIC CONVERTERS 


Efficiency Percent 


Phenomena 
Kw 


Em Induction - 35 
high 


Electrostatics 


Streaming potential 10-4 


(1) ASTIA Report AD 63967 


Theory Measured Pounds/ 


high (108) 


production of an electric potential dur- 
been 
200 


volts may be produced between ice and 


ing the freezing of water has 
observed. Voltages in excess of 
the solution from which it forms, when 
the solution contains small amounts of 
inorganic solutes, such as ammonium 
salts. Solute 


the magnitude of the voltage, and the 


concentrations determine 


current is determined by the freezing 
rate. The effect appears to involve the 
adsorption of ions from the solution by 


the erystal lattice. 


Converting Chemical Energy 
The fuel cell. In the 


10). the energy 


cell 


released 


fuel 
(Article. 


during a chemical reaction between two 


page 


elements is converted directly into elec- 
tricity. without the use of intermediate 
thermal or chemical stages. 

. . « lon-permeable membrane batteries. 
Synthetic ion exchange resins are avail- 
able in sheet form that have good elee- 
tric conductivity, resulting from a high 
internal concentration of ions, such as 
potassium or chloride. Current is trans- 
ferred through these membranes almost 
exclusively through the migration of the 
This 


referred to as 


anion or cation in the resin. 


feature is sometimes 


“perm-selectivity.” These membranes 
may be used to construct concentration 
cells consisting of alternate dilute and 
concentrated electrolyte solutions, com- 


alternate anion = and 


A tenfold concentra- 


partmented — by 
cation membranes. 
tion difference in a uni-univalent elec- 


Phenomena 


Volts Amp 


Thermoelectric 


Thermionic contact 


107 potential 


Thermomagnetism 


300 0.01 (1) 


Phase transition 


trolyte between individual membranes 
produces a maximum potential of 59 
millivolts. In principle, desired voltages 


could 


appropriate number of individual con- 


be obtained by combining the 


centration cells. Such cells are neces- 
sarily limited to relatively low tempera- 
ture operation, as they contain organic 


materials that are thermally unstable. 


Converting Nuclear Energy 


Nuclear energy appears in two forms: 
as the energy released in the fission of 
uranium or plutonium, or as the energy 


the decay of a radioactive 


released in 
element when it emits an alpha, beta. or 
gamma ray. 

While a nuclear reactor is indeed an 
pres- 


source, it 


unconventional power 


ently as a source of heat rather 


than as a direct source of electricity. The 


serves 


reactor heat may. of course, be used to 


produce electricity by methods pre- 
others. The radia- 


\ iously discussed or 


tion from the reactor fuel or coolant 
might be used to produce chemical sub- 
stances suitable for generating elee- 
tricity from chemical reactions. 

also be generated 


Electricity may 


directly from radioactive decay energy 
as follows. . . 

.. « Thermocouple junction. Radiation 
from a radioactive source can be used to 
heat a thermocouple junction (illustra- 
tion, page 31). An alpha emitter would 
most probably be used for this purpose. 
as the range of the alpha particle ap 


proaches a few microns in solids. and the 


TABLE II—HEAT-ELECTRICITY CONVERTERS 


Efficiency Percent 


Theory Measured Pounds/ Volts 


Kw 


4000 Variable Variable 


4/cm2 


8000 a 


14 0.004 90,000 230 10-6 (1) 


(1) ASTIA Report AD 63967 
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or plutonium, or... in 


energy liberated per particle is large. 
The half-life of the radioactive source 
will determine the life of the device and 
its total power output. Isotopes for 
include 
and 


possible use in such sources 
polonium 210° (ti,=133 days) 
americium 241 (ti, =470 years). 

Collection on a plate. The beta 
particles (electrons) emitted by a radio- 
isotope may be collected ona conducting 
plate (illustration, page 31), insulated 
from the isotope source. The potential 
attainable in such a converter can be as 
high as the energy of the beta particle, 
which may in some cases approach a 
million volts. The instantaneous current 
available will increase with the amount 
of radioisotope used and with its decay 
rate, which ultimately limits the useful 
life of the device. The load determines 
the operating voltage. 

. Contact potential converter. In this 
device the held produced by two electro- 
chemically dissimilar electrodes collects 
charged particles produced in a gas by 
nuclear radiation (illustration, page 31). 
Klectrodes may consist of materials such 
as lead oxide anodized on stainless steel 
or magnesium, and the radiation source 
can be tritium, with argon as the gas 
separating the electrodes. The potential 
the 
termines the cell potential. Voltages of 


difference between electrodes de- 
the order of | to 2 volts have been ob- 
tained, and multiple cells have produced 
100 volts. The beta current is multiplied 
about LOO times, 


direct-charging converter already men- 


as contrasted with the 


Efficiency Percent 


Type Theory Observed 


Direct charge — — 


Contact potential 3A — 
8 Kr — 
P-n junction 2-8 0.23 Ge 
2 Si 





TABLE III—PERFORMANCE OF NUCLEAR CONVERTERS 


tioned, which achieves no current 
multiplication. 

. Semiconductor junction battery. A 
battery can be made utilizing the junc- 
tion field to collect charges produced 
when the junction is exposed to beta or 
gamma radiation (illustration, page 31). 
In the case of beta particles, a current 
multiplication of several hundred thou- 
sand is realized. Germanium and silicon 


p-n junctions have been proposed for 


this application. With 50 millicuries of 


strontium-90 a voltage of about 30 mv 
has been produced in germanium and 
250 my in silicon. In each case, maxi- 
mum power was a fraction of a micro- 
watt. Unfortunately, one of the principal 
limitations this type of 
power source Is the ultimate damage to 


inherent in 


the junction 

{nd others. Other devices for con- 
verting nuclear energy to electricity can 
Thus, 


produce scintillations in a phosphor by 


be envisioned. it is possible to 
means of alpha, beta, or gamma radia- 
tion. The light thus produced could be 
converted to electricity by means of a 


but low 


photoelectric device at very 
efliciency 

It is also possible that radiation could 
be used to produce electron emission 
from a sensitive surface. to be collected 
in the manner described under “Collee- 
tion on a plate.” 

Let's summarize the information on 
nuclear power sources (Table III). The 
power obtained from nuclear converters 


is generally in the range of microwatts to 





Current (Amp) 


365 0.6x 10°% (1) 
40 x 10°!2 (2) 
| 7x10 10 T2-A- 
PbO2-Mg (3) 
0.031 1x 10° 50 me Sr-90 (1) 
0.250 9x 10° 


(1) Linder, Rappaport, Loferski, Geneva Conference Paper P-169 


(2) Coleman, Nucleonics 11, 42 (1953) 


(3) Thomas and Petrocchi, ASTIA Report AD 47430 





GENERAL 





ELECTRIC REVIEW 





TABLE 





the decay of a radioactive element... . ”’ 


milliwatts. Costs are determined princi- 
pally by radioisotope costs, and as these 
elements must be carefully separated 
and purified, it is unlikely that sub- 


stantial reductions in cost will be 
achieved. Thus, assuming that the 


power is delivered to a matched load for 
one half-life at a conversion efficiency of 
2 percent, the cost using Sr-90 is 
$30 /watt-hr; Kr-85 and H*, $40/watt- 
hr; as compared with 4 cents /watt-hr 
from dry cells. 

The advantage of the nuclear battery 
is its long life and possible wide-tem- 
perature range of operation. Disadvan- 
tages are the low power output, cost, and 
possible hazards arising from breakage. 

\ comparison of some of these pos- 
sible power sources with conventional 
power in Table IV. 
The unconventional sources might over- 


sources is shown 
come and often take advantage of envi- 
ronmental limitations, such as high tem- 
perature, and shock. Obvi- 
ously, it is not possible to assess the 


radiation, 


value of any of these in general terms. 
Of the less well developed devices, those 
employing the piezoelectric and thermo- 
magnetic phenomena seem to offer op- 
portunity for exploitation of new ma- 
terials, and for more detailed analysis. 
But in view of reasonably anticipated 
performance characteristics and the 
state of the technology, it appears that 
the thermoelectric generators and the 
contact potential thermionic emission 
cell are among the more promising 
here.Q 


power sources discussed 







IV—APPROXIMATE POWER 
DENSITY, VARIOUS SOURCES 


Source Kw/ft3 


Oscillating em inductor 0.01 
Thermopile 0.04 

Fuel Cell 1 

Lead acid battery 1.3 kwh/ft3 


Steam boiler 5 


Electric generator 50 
Airplane engine (piston) 75 

Steam turbine 100 

Jet engine 750 

Power reactor 1200 (core) 






























The magnetron principle, pro- 
posed in 1920 by Dr. A. W. 
Hull (left), affords new versa- 
tility through voltage tuning, 
developed by Dr. D. A. Wilbur 
(center) and P. H. Peters. 


New Voltage-Tunable Magnetrons—How They 


The tube’s unique voltage-tuning characteristic assures its application in frequency- 


tronic countermeasures, newest types of precision altimeters. and other important 


Since the beginning of World War II, 


magnetrons have become famous for 


their extensive use in all types of radar 


equipment. These electron tubes were of 


inestimable value in wartime radar be- 
cause of their ability to efficiently gen- 
erate very high levels of pulsed micro- 
As continuous-wave gen- 
utilized in 


wave power. 


erators, they were further 
countermeasures successfully employed 
in jamming enemy radar. 

The war story of the magnetron is, in 
fact, a fabulous one; many lives were 
saved, and the success of more than one 
military campaign has been ascribed to 
its use. Since the war, magnetrons have 
assumed a central and important role in 
a new peacetime industry—microwave 
dielectric heating. In this field, 
phase of which is the important new 


one 


area of electronic cooking, magnetrons 
have great potential for an active in- 
dustrial future. 


New Applications 

The 
active in developing magnetrons for all 
these applications, which largely utilize 


Research Laboratory has been 


the power capabilities of these tubes. 


34 


Now, a new method of magnetron opera- 
tion, called voltage tuning, is opening up 
different areas of application for magne- 
trons—applications that call for auto- 
matic high-speed frequency control over 
very wide frequency ranges. 

Voltage tuning was discovered in 1949 
by Dr. D. A. Wilbur and P. H. Peters 
(photo) of the Laboratory’s High-Fre- 
quency Ele« tronics Research Sec tion 
while they were working under a broad 
magnetron contract sponsored by thg 
Army Signal Corps. 

Tuning ranges of about two percent of 
the center frequency were typical befor 
1949, butnew microwave systems can now 
utilize tuning ranges as wide as two to 
one. Wilbur and Peters discovered that, 


with the proper design and mode of 


operation, magnetrons can be tuned 
over wide bands merely by varying the 
d-c anode voltage. With voltage tuning, 
the frequency is set by the value of the 
d-c anode voltage and, therefore, can be 
varied electrically, remotely, and almost 
instantaneously (illustration, left, page 
36). The frequency of the more con- 
ventional magnetron is set by the anode 


circuit, and tuning is mechanical. 


Applications for the voltage-tunable 
(VTM) are 


spectrum 


magnetron found in wide- 


frequency-range analyzers, 
new types of precision altimeters, fre- 
quency agile radar, electronic counter- 
measures, sequential pulse communica- 
tions, swept signal generators covering 
very wide frequency ranges, and in the 
very broad new field of telemetering 

monitoring a 


an electronic means for 


number of far-flung metering stations 
from a central point. In many of these 
applications, the capability of the VIM 
to be frequency modulated over extreme- 
ly wide frequency ranges Is essential. 
Ten years ago, there were no micro- 
wave tubes that could be voltage tuned 
over a wide frequency range. The reflex 
klystron was employed where only very 
narrow band tuning at low power levels 
was required. Since that time, the de- 
velopment of the VT'M has been paral- 
leled by development of M and O type 
backward-wave oscillators, which have 
frequency tuning ranges comparable to 
the VIM. The voltage-tunable magne- 
tron is comparable in efficiency to these 
microwave generators. Its straight-line 


voltage-frequency response is unique, 
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PRINCIPLE OF 


+D-C VOLTAGE 
ELECTRON 


MAGNETIC 
FIELD 


Q—-: 


CATHODE 


Electrons interact simultaneously with electric and magnetic 
fields oriented at right angles to each other (left). With the 
two forces effectively counteracting each other, the electrons 
move along the interaction space parallel to anode and cath- 


Work and Where 


agile radar, telemetering, elec- 


defense and industrial areas. 


and its power output is relatively flat 
over the tuning range. It is small in size 
and weight, mechanically rugged, and is 
easily adapted to high production manu- 
facture. 


How the VTM Works 


\ fundamental, yet simple, relation 
between anode voltage and frequency 
the VTM. 


Magnetron action occurs when electrons 


can be shown to exist in 
interact simultaneously with electric and 
magnetic fields oriented at right angles to 


left). As the 


electrons traverse the interaction space, 


each other (illustration, 
the electric field exerts a foree on them 
that them the 
anode. At the same time, the magnetic 


field causes them to be diverted with a 


tends to direct toward 


force proportional to the velocity of the 
electrons so that on the average they 
move parallel to the anode and cathode. 
This action automatically adjusts the 
average velocity of the electrons along 
that the 
forces effectively counteract each other: 


the interaction space so two 
the electrons speed up if the electric 
field is if it is 


decreased. 


increased, slow down 
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VOLTAGE 


+D-C VOLTAGE 


INTERACTION SPACE 


In 


trodes are arranged in the form of con- 


a practical magnetron the elec- 
centric cylinders, with the anode seg- 
mented and the alternate segments, or 
vanes, tied together (illustration, center). 
When anode voltage is applied, the 
the cathode 
Perturbations in 


as a 
rotating the 
electron cloud induce a radio-frequency 


electrons encircle 


cloud. 


field in the external circuit as the cloud 
the breaks in the anode. As a 
result, the radio-frequency polarity of 


passes 
successive vanes 1s opposite and alter- 
nates once during each r-f eyele. Now, 
as the electrons travel around the inter- 
action space, they are subjected to this 
r-f field as well as the d-e field. As they 
pass under an r-f plus vane, they speed 
up, and when they pass under an r-f 
slow down. These 
the 


bunch; and the space charge, or electron 


minus vane, they 


interactions cause electrons to 
cloud, takes on the shape of a spoked 
wheel (illustration). The speed of rota- 
tion of the spoked wheel depends on the 
value of the d-e voltage. 

The magnetron may be compared to 
an a-c generator (alternator) with a very 
fluid lo sustain oscillation, the 
spokes of charge must rotate 
synchronously the r-f 
the vane structure of the 


roto! 
space 
with voltage 
induced on 
anode circuit. Each time a spoke passes 
a pair of vanes, it generates a full cycle 
of r-f power. The frequency generated is 
a function of the vanes 
(analogous to the poles in an alternator) 
and the speed at which the spokes 


number of 


TUNABLE MAGNETRON OPERATION 


ANODE VANES MAGNETIC 


(POLES) 


ode. speeding up if the electric field is increased and slowing 
down if it is decreased (center). The induced r-f field, inter- 
acting with the d-c field, causes electron bunching, making 
the electron space charge take on the shape of a spoked wheel. 


(analogous to the rotor) revolve. For 
example, the rotor of a 12-vane mag- 
netron oscillating at 4000 megacycles 


rotates at 40-billion rpm. 


Stabilizing Influence a Problem 


Wilbur and Peters, in examining the 
fundamentals of magnetron action, came 
to believe that all magnetrons 
intrinsically voltage tunable. In tubes 


were 


designed to produce large amounts of 
power, however, the effect’ was in- 
herently y small because of the 
stabilizing influence of the anode circuit. 
They decided that two things must be 
done to make magnetrons voltage tun- 
able. First, they had to employ an anode 
circuit having a low effective parallel 


very 


resistance, that is, a heavily loaded cir- 
cuit. In the construction of one type of 
tube, they used an interdigital arrange- 
ment of vanes to insure that this heavy 
loading was applied uniformly. Second, 
they had to control the number of elec- 
trons in the interaction space. 

At first, these two scientists regulated 
the amount of space charge in the inter- 
action space by controlling the cathode 
temperature and later by moving most of 
the emitting part of the cathode outside 
the interaction space and leaving a non- 
emitting portion inside. However, these 
to 
variations in the power supplied to the 


methods of control were sensitive 
cathode and tended to produce insta- 
bility in operation of the first voltage- 
tunable magnetrons. They then intro- 
duced a new type of grid control that 
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FREQUENCY (MEGACYCLES) 


750 950 1150 


POWER OUTPUT (WATTS) 


CONTROL ELECTRODE 


500 VOLTS 


1350 


ANODE VOLTAGE (VOLTS) 


FREQUENCY set by the d-e anode voltage varies 


made the operation of the newer tubes 
insensitive to variations in cathode 
power and emission. 

Wilbur and Peters applied their new 
approach to a family of tubes covering 
different frequency bands. In doing so, 
ceramic-to-metal 
sealing the 
Research Laboratory and now employed 
commercially in the 
ceramic tubes in production at General 
Electric's Owensboro, Ky., and Seran- 


they made use of a 
technique, developed al 


microminiature 


ton, Pa., plants. 

Laboratory models were supplied to 
engineers of General Electric’s Power 
Tube Department, who undertook the 
job of developing a line of marketable 
tubes. 


Commercial Designs 


Dr. Myron Weinstein, Gerald J. Grif- 
fin, Jr., and their associates have been 
developing VTM’s for several frequency 
ranges and outpul powers and are study- 
problems involved in the 
manufacturing of VITM’s. An S-band 
VTM has been in pilot production since 
mid- 1957. 


frequency-range types that also are suit- 


ing some of the 


A series of low-power wide- 


able in narrow-band applications are 
now being developed. These will be 
marketed in the package form. (The word 
“package”’ refers to the assembly of the 
tube with the circuit and magnet.) Work 
has also been done toward developing 
special VT'M’s with power levels as high 
as 150 watts. 


Important Future 


Kenneth E. Anspach, product plan- 
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ilmost instantly. 


ning specialist in the Power Tube De- 
partment, sees an important future for 
the voltage-tunable magnetron in a wide 
variety of military and industrial ap- 
plications. 

the VIT'M 


comments 


has 
been quite Mr. 
Anspach “‘and the demand for tubes has 


“Customer interest in 
intense,” 


been very encouraging. So far, we have 
concentrated on frequencies between 
2500 and 


several developmental VT'M’s that oper- 


1400 megacycles and have 


ate within this range. Future plans in- 


clude going above and below these 


frequencies. 


“The power output of the VITM’s 


WIDE-BAND SPECTRUM TESTS from 2500-4000 megacycles are run on production voltage- 
tunable magnetrons by G. J. Griffin, Jr. (standing) and Frank Yatsko. 


3000 3500 


FREQUENCY (MEGACYCLES) 
POWER up to 10 watts is possible through narrower tuning ranges 


scheduled for pilot production in 1958 
range from milliwatts to as high as 10 
watts, obtainable from the same tubes 
when they employ much narrower tun- 
ing ranges (illustration, right). 

“The VTM looms large in the future 
plans of the Power Tube Department. 
We already have government contracts 
for tubes to meet particular specifica- 
tions and have a number of VT'M’s in 
for eval- 


the hands of many customers 


uation tests. 

‘‘We believe that the VIM will per- 
better 
than any other device and will do it at 


form many electronic functions 


lower cost.’ Q 
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When reports of the development of a dielectric pump (right) 
reached authors Auer (left) and Sharbaugh, they were puzzled. 
If the information was correct, a novel pumping method had 
been discovered. But not being able to think of any reason 
why such a pump should work, they began... 


Investigating the Dielectric Pump 


balanced out by 
cannot contribute to pumping. 


By Dr. P. L. AUER and 
Dr. A. H. SHARBAUGH 


On a 
puzzling bit of information came to our 
Chemical and 


summer day two years 


ago a 
attention. An article in 
Engineering News reported some strange 
discoveries by a of research 
workers at the University of Cincinnati. 


While 


lating liquids in the presence of strong 


group 
investigating the behavior of insu- 


electric fields, this group had developed 
a dielectric pump that operated on 
direct-current. high voltage. The pump 
construction, simplicity itself, consisted 


Dr. Aver, a member of the Research Laboratory's 
Physical Chemistry section, joined General Electric 
in 1954. His fields are theoretical physical chem- 
istry, applied mathematics, and electrical discharge 
phenomena. Dr. Sharbaugh, also with the Physical 
Chemistry Section, came with the Company in 
1943. He is the author of several papers on electric 
breakdown, dielectric properties, microwave spec- 


troscopy, and radiofrequency heating. 
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merely of two pieces of metallic screen 
material supported in a_parallel-plate 
When assembly 


was completely immersed in an insulat- 


arrangement. such an 
ing liquid and a d-e voltage applied across 
the electrodes, it 
liquid moved in a direction perpendicu- 


was reported that the 


lar to the sereen’s face. 

his was the extent of our informa- 
tion, and it puzzled us. If the observa- 
tions of the Cincinnati people were 
correct, it would appear that they had 
discovered a novel pumping method, 
involving no moving parts. The method 
the 
magnetic pumps used with liquid metals 
\tomice 
reactor program. 

\t first, we couldn't think of any 
reason why such a pump should work. 
When an electric field is imposed upon 


a dielectric, it gives rise to what are 


sounded reminiscent of electro- 


in the Energy Commission 


usually termed electrostrictive forces. 


In the case of a fluid these forces become 


pressure gradients and 
In addi- 


tion to these forees, another force arises 
the 


from the mutual attraction of two 


screens that act as capacitor plates once 
the d-e voltage is applied. lhis 
tends to squeeze the liquid and cannot 
According to 


force 


contribute to pumping. 
electrostatic theory, all 
sidered, there was no rational explana- 


things con- 
tion for any pumping action in an ideal 
dielectric fluid. 

As mentioned in the 
learned about this discovery on a sum- 


beginning, we 


mer day. It was a very pleasant day, the 
sort that drives even the most devoted 
research man to thoughts of fishing or 
And, we 
decided to go We 


constructed a pump out of two pieces of 


some other bucolic pastime. 
fishing—in a sense. 
common garden-variety screening ma- 
terial, spaced by a piece of glass tubing, 
and tied together with a nylon string. 


Placing our “pump” in a glass beaker 
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DUST PARTICLES—HIDDEN HELPERS IN “PUMP” 


DIRECTION 


oO LIQUID MOLECULES 


© UNCHARGED DUST PARTICLES 


CHARGED DUST PARTICLES move toward an 


filled with nitrobenzene, we applied a 
10 ky per 
We then 


injected a dye solution on the far sid 


constant d-c field of roughly 
centimeter across the screens. 


of one screen to see if any liquid motion 
With 


dve 


feelings. We 
the 


The pump. so 


was present. mixed 
the 


screens with great ease. 


watched swoosh through 
it would appear, was pumping! 
The next step was lo establish whether 
the dye motion truly represented liquid 
motion. Improving slightly on the orig- 
inal experiment. we placed the pump 
assembly in the annulus formed by a 
beaker set inside a large cylindrical dish 
To detect liquid flow. we observed the 
movement of thin palladium foils and 
the dust suspended in the liquid: the 
dust could be viewed as a Tyndall beam 
Upon moving to the larger apparatus 
we found our limited supply of nitro- 
benzene inadequate and had to switch 
The still 


peared to operate just as a pump should. 


to chlorobenzene. pump ap- 


According to our observations. the mo- 
tion of the liquid was in the direction 
that a negative charge carrier would take 
in the of the applied field. 
Upon reversing the electrode’s polarity, 


presence 


the liquid motion appeared to reverse. 
To obtain some quantitative data, we 
upgraded our summer day s venture into 


A toroidal 


lass loop was constructed with a seg- 


a small-scale research project. 


uo 
5 
ment of the loop containing a Venturi 


tube that we used as a flow indicator. 
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OF FLOW 


° SCREEN ELECTRODES 


CO CHARGED DUST PARTICLES 


mde. As dust collects out, pumping diminishes 


Phe liquid levels in the manometer tubes 
on either side of the Venturi were moni- 
tored visually with a cathetometer. and 
the difference in liquid levels provided 


rhe 


electrode assembly became slightly more 


a measure of linear flow velocities. 


sophistic ated (illustration), but the basic 
design remained the same. A large num- 
ber of observations were made with this 


ipparatus under varying conditions. 


Both 
las test liquids. 


chlorobenzene and benzene were 
tise 

Qn the basis of our observations, we 
were led to the following explanation: 
the 


actually 


dielectric pump as described is 


We stick by our 


will 


a dust pump. 
the 


operate in an ideal dielectric fluid. 


original thesis that not 


pump 

However. ideal substances are difficult 
to obtain. Liquids designated as chemi- 
cally pure usually contain large amounts 
of suspended dust. Many of these dust 
charged electrically; and. 
the 
often 


particles are 


for some reason, in liquids we 


studied they are more charged 
negative than positive. The application 
of an electric field between the screen 
electrodes the inherently 


tive dust particles to move toward the 


causes nega- 
anode. where they become collected and 
discharged. In the of their 
motion, they drag along liquid mole- 


course 
cules, thus giving rise to pumping. As 
soon as an appreciable portion of the 
out, 


charged dust collects 


pumping will diminish and eventually 


particles 


stop; this is actually observed in practice. 

The magnitude of pumping depends. 
of course, on the previous history of the 
liquid. Using fresh reagent-grade liquid 
chlorobenzene, we obtain linear flow 
velocities of the order of one-tenth centi- 
meter per second when voltages of 5 to 
1O kv 


rated 2 to 4 


are applied across screens sepa- 
in distance. In the 
variations, 


mm 
limited range of the above 
the flow velocities appear Lo be linearly 
proportional to applied voltage and to 
increase somewhat with electrode spac- 
field strengths. Chloro- 


easier to than 


ing for given 


benzene Is ben- 
zene: the difference 
to the difference in dielectric constants. 

If. we concluded. the dielectric 
is a dust pump, it should be possible to 


pump 


may be ascribed 


pump 
increase pumping action by increasing 


the dust 


partie les. 


concentration of charged 
We 
the 


venient way 


found striking an ar¢ 
con- 
The 
are partially disintegrates the electrodes 
colloidal metallic 


become charged. In 


between screen electrodes a 


to effect this increase. 


introduces 
ticles that 
manner we find the magnitude of pump- 


and par- 


such a 


ing can be increased ten to twentyfold 
at a given field value. 

Next we set our sights on the develop 
that 
operate on 60-cycle alternating voltage. 


ment of a dielectric pump would 
The dust principle certainly cannot be 
used to operate an a-c pump. However, 
conduc tion 


the 


investigations on electrical 
processes in liquid dielectrics at 


Research Laboratory lead us to believe 


that electrons injected in liquids such as 
chlorobenzene are effectively trapped 
they 


We 


reason that such trapped charge carriers 


most of the time and move as if 


were massive liquid molecules. 
might be able to produce pumping. Field 
emission from cold electrodes could be 
used to inject electrons into a clean dust- 
free liquid at high field strengths. Thus 
it should be possible to construct an a-t 
pump operating on a rectification prin- 
ciple. 

We 
dissimilar metals 
Aluminum is a fair emitter in 


constructed a pump using two 
aluminum and stain- 
less steel. 
hvdrocarbons, while stainless steel is a 
poor one, Observations on the pumping 
action of this device show that, unless 
the liquid is quite pure, a-c losses pro- 
duce heating and obscure the pumping. 
Under ideal conditions, we have re- 
peatedly observed slight pumping at ap- 
plied fields of 50 to 150 kv rms _ per 
centimeter. And as predicted, the diree- 
tion of the flow moves from aluminum 


to steel. Q 
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Tracing Electron Paths 


The physicist’s understandable desire to see, if possible, what he 
is investigating has led to the creation of various mechanical models 
in which electrons appear several times larger than life. One of the 
latest and most ingenious is a mechanical analog of an electron tube 
(photo, above), in which the tube has assumed the dimensions of a 
packing case and the electrons have grown to the size of ball bear- 
ings. With it, Dr. C. Luther Andrews, who does work for the Labora- 
tory on a part-time basis, is studying the electron’s classic trek from 


cathode to anode. 


The oversize “electrons” are poured into a funnel topped glass 
tube, from which they drop, one by one, into small depressions in 
the surface of a revolving cylinder. As the cylinder brings each 
hall bearing to the bottom of its circle, the latter drops out onto the 
end of an inclined board, down which it begins to roll. The end of 
the board beneath the evlinder is hinged, while the other end is free 
to move up and down. This it proceeds to do, raised and lowered by a 
motor-driven arm. When the ball bearing reaches the end of the 
board, it drops off into a glass beaker. The rotating cylinder corre- 
sponds to the cathode, the up-and-down motion of the board is the 
“signal,” and the end of the board is the “anode.” A stroboscopi: 
light ashes at intervals of 1/60 of a second so that the electron’s 
progress down the pitching runway can be recorded by a camera 


mounted directly above. 


From this film record (photos, right) Andrews can determine the 
total time required for an electron to make the trip (indicated by 
the number of times a given ball appears in a photograph) and the 
speed of the electron at any time and at any point (indicated by the 
slope of the curve). Previous analogs have not simulated the effect 
of the signal and thus have not been able to reveal the effect of 


electron “bunching.” 


Andrews. who is chairman of the physics department at New York 
State College for Teachers, began construction of the analog early 
last year, devoting one afternoon each week plus vacation time to 
the project. He has followed a similar schedule at the Laboratory for 


the past 13 years, during which he has investigated such subjects 


as the diffraction of microwaves and testing of triode oscillators. Q 
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With a mechanical analog of an 
electron tube—the latest of a va- 
riety of mechanical models that 
make electrons appear larger— 
Dr. Andrews studies the electron’s 
journey from cathode to anode. 


ELECTRON BUNCHING effect is caused by signal grid. 
Reflection of light from smooth surface produces shadow 
pattern. Slope of curve tells acceleration of “electron.” 


MODEL “electrons,” constantly accelerating, roll down 
from cathode to anode. The visible electron tracks repre- 
sent 90 exposures over a period of 1% seconds. 
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Fuel Cells May Provide an 
Important Source of Power 


Until the sun and fusion can be efficiently harnessed, 


science must discover a way to retard the depletion of 


our fossil-fuel reserves. The fuel cell looks promising. 


By Dr. D. L. DOUGLAS and 
Dr. H. A. LIEBHAFSKY 


A good bank husbands resources to be 
drawn upon as needed. The accessible 
portions of the earth’s crust form an 
vy bank 
fossil and nuclear fuels for our use. The 
energy balance in this bank is more 
important to our future than all the 
monetary balances in the world. As with 


energy where nature has stored 


money, the size of the energy balance 


isn’t everything—availability and con- 
vertibility must also be considered. 
Each more 


energy, and this energy must be readily 


year we use and more 
convertible to serve our complex modern 
civilization. The sun, falling water, and 
perhaps the tides are energy sources out- 
side our bank. Since we have not yet 
learned how these sources can supply all 
our increasing needs, we ask our bank 
to honor larger and larger energy drafts. 
This leads to bankruptcy. To prevent 
this, we must find a means of extending 
our fossil fuel 


make the sun serve us better and we can 


resources until we can 
learn to generate useful energy by fusion. 
The fuel cell may provide an answer. 

To appreciate what the fuel cell might 
do for us, let’s first see how we get elec- 
tric energy from fossil fuels today. In 
appraising this admirable but necessarily 
roundabout process, let’s remember that 
it exists only to force electrons through 
various devices that serve us. 

\ coal-burning power station (illustra- 


tion, next page) converts chemical energy 


Dr. Liebhafsky—Manager, Physical Chemistry Sec- 
tion at the Research Laboratory—began his 
career with the Company in 1934. Associated with 
the mercury boiler, chemistry of oxide-coated 
cathodes, various corrosion problems, and rocket 
propellants, he has published more than 90 scientific 
papers. Dr. Douglas came to General Electric in 
1951 and went directly to the Knolls Atomic Power 
Laboratory. Joining the Research Laboratory in 
1955 as a physical chemist, he specializes in the 
fields of physical and inorganic chemistry. 
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into heat (Step 1) by burning coal under 
a boiler to generate steam. In Step 2, the 
heat is changed to mechanical energy by 
expanding the steam in a turbine. In a 
generator driven by the turbine (Step 3), 
this energy is converted to electric 
energy, which then lights the lamp. A 
great deal of complex, costly equipment 
1s needed for the chemical energy of the 
reaction between coal and oxygen to force 
electrons from copper conductors in the 
generator to flow through the lamp. 
Why this look round- 
about to the electrochemist? He knows 
that the 
oxygen involves a flow of electrons from 


the carbon to the oxvgen atoms. What 


does process 


reaction between carbon and 


is more natural than to have these elec- 
trons flow through the lamp after they 
are given up by the carbon but before 
they are captured by the oxygen? The 
electrochemist suggests, in effect, that 
we use these valence electrons to do the 
work instead of getting it done by the 
from the 


conduction electrons 


coils of the rotor in the generator. 


copper 


The Fuel Cell 


The simplest way the electrochemist 
might do this (illustration) is to feed 
carbon and air into a battery consisting 
of an anode, a cathode, and an electro- 
lyte. 
sumed as the carbon undergoes electro- 
dioxide, 


At the anode. oxide ions are con- 


chemical oxidation to carbon 
releasing electrons to the external cir- 
cuit. The through the 
external circuit to light the lamp, and 
return to the cell at the cathode. There 
they are captured by oxygen molecules 


The flow 


oxide ions through the electrolyte from 


electrons flow 


to form oxide ions. of these 
the cathode to the anode completes the 
electric circuit. This battery is a fuel 
cell. The illustration, though incom- 
plete, shows the inherent simplicity of 
the fuel cell as a method of generating 


electric power. 


CARBON-OXYGEN FUEL CELL 


"+ CURRENT 


REACTION 


C+20%> 
CO, +4e — 


Simplicity is not the only advantage of 
the fuel cell. It has a further outstand- 
ing advantage—its efficiency is not 


limited inherently as is that of a heat 


engine. Before we consider this im- 
portant point, let’s be sure to distinguish 
between unavoidable limitation and 
avoidable losses in the generation of 
power. Progress in research, engineer- 
manufacturing has reduced 


ing, and 


avoidable losses to where they are much 
less serious than the unavoidable limita- 


tion imposed by thermodynamics. 


Carnot-Cycle Limitation 


The unavoidable limitation on the 
heat work derives 
from the nature of heat itself. All forms 
of energy except heat are freely inter- 
convertible. This is a truth learned from 


conversion. of into 


experience, and we explain it as resulting 
from the randomness of the molecular 
motion that is heat. To convert heat into 
other forms of energy. we must pay a 
price lo overcome this randomness. This 
price is given by the Carnot-cycle limita- 
tion discovered by Sadi Carnot in 1824: 
When 
form of energy, it must fall from abso- 
lute 
perature 7%, 
that can be converted under ideal con- 
ditions is (7)-7>)/7;. A banker would 
say that he must discount heat by 100 
(72/7T\) percent before we can withdraw 


heat is converted into another 


temperature 7) to absolute tem- 


and the maximum fraction 


itas useful work from the energy bank. 

Let’s see what this means in modern 
practice. Under good operating condi- 
tions, 7; and 72 will be near 1510 R 
(1050 F) and 540 R (80 F) respectively. 
The Carnot efficiency for these 
peratures is 64 The 
efficiency of the power plant might be 
10 percent. That 
proaches the Carnot is an eloquent 
tribute to modern industry. It is likely 
that further appreciable improvement 
thus making 


tem- 


percent. over-all 


this efficiency ap- 


will entail raising 7), 
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greater demands upon construction ma- 
terials. There is every reason to expect 
such improvement, but it will not come 


easily. 


Energy Conversion 


We come now to the most important 
part of our story. The fuel cell escapes 
the limitation because it 
never converts heat directly into work. 


Carnot-cycle 


It converts chemical energy directly into 
electric energy. The 
that light the lamp are forced to do so 
the com- 
the electrons are compelled to 


valence electrons 


before chemical reaction is 
pleted 
work between half-reactions as it were. 
Consequently, all the electric energy 
the cell is 


and here the Carnot- 


delivered by converted 
chemical energy. 
cycle limitation does not apply. 
Actually, heat « hanges do occur when 
a fuel cell, or any other battery, oper- 
ates. For the present, we'll think of them 
as adding to or subtracting from the 
chemical energy converted in the cell 


reaction and later discuss the changes 


themselves. But remember that a fuel 
cell, or any other battery, can operate 
isothermally: devices subject to the 


Carnot-cycle limitation cannot. 

Let’s sketch the thermodynamics of a 
fuel cell in which carbon is oxidized to 
carbon dioxide (illustration, opposite). 
The treatment can be extended to other. 
more practical fuels. 

When | mole (12 grams) of carbon 
reacts with | mole (32 grams) of oxygen 
al a given temperature in a closed con- 
tainer, the reaction is accompanied by a 
definite decrease / 
Think of the energy change in this way: 


the difference in internal energy between 


\/ in internal energy. 


carbon and oxygen as elements on the 
one hand, and the compound, carbon 
dioxide, on the other. It is not exactly 
identical with the looser term, chemical 
energy, we used earlier. 

out this oxidation of ear- 
bon at constant pressure—that is, with 
the cell open to the atmosphere. In this 
arrangement the atmosphere will do a 


Let’s carry 


small amount of work on the cell be- 
cause the carbon dioxide occupies less 
volume at the same temperature than 


AIR 
C+0,*.CO,+HEAT BOILER 
ee. ih Ms 
COAL STEP 1 
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the elements from which it was made. 
Customary procedure in physical chem- 
istry combines this work term with the 
internal energy change AF to give a 
convenient 
reaction AH. Here AH is larger than 
AE, but AF will be the larger when the 
reaction entails a volume increase. Like 


AE, AH is the 


chemical change and does not depend on 


more 


fixed by amount of 


how the reaction is carried out. 
Of greaier importance than the work 


thermal 


term just discussed are the 
changes that accompany this reaction. 
Suppose again that we carry out the 


reaction in a fuel cell 
We shall 


liberates or 


open to the 
that the 
absorbs a 


atmosphere. find 
then 


quantity of heat g, and we might detect 


reaction 
this by observing whether the cell tends 


to heat or cool. 


Electric Work 
We shall now apply the Law of Con- 


servation of Energy to our fuel cell. 
Most of the electric work w., will have to 
come from the heat of reaction AH. 


The Law tells us that any heat absorbed 
by the cell as reaction proceeds will be 
added to AH so that the electric work 
becomes the sum of AH and q. Similar 
reasoning leads to the conelusion that 
w, will be less than AH by the quantity 
q if heat is liberated by the cell as elec- 
tricity is generated. With work by or 
against the atmosphere ineluded in AH. 
w, and g remain the only energy changes 
to be considered in applying the Law of 
Conservation of Energy to our system. 
It seems a little surprising that we 
might ever recover electric work in 
excess of the heat of reaction. Why not 
choose a fuel cell reaction that absorbs 
heat from the surroundings as it gen- 
erates electricity? We could then get 
electric work in excess of Ad, with AH 
the 
electric work if a conventional power 
Carnot-cycle 


maximum energy recoverable as 
plant could escape the 
limitation. Unfortunately, the matter is 
academic. Suitable fuel cell reactions 
are hard to find. Even if we found a suit- 
able fuel cell reaction that could absorb 
enough heat to make the scheme appeal- 
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ing on paper, we would discover that a 
practical fuel cell absorbs heat very 
from surroundings at 
ordinary temperatures. 

So much for the sign of q. Now, let’s 
look at its magnitude. Unlike AH, q is 
not fixed by the amount of chemical 
reaction alone. Its magnitude depends 
also on how the reaction is carried out, 
which explains why we write it as a 
small letter. To begin with, g includes the 
heat generated by the passage of current 
through the electrolyte. This heat, LR, 
depends more strongly upon the current 
I than it does upon the electrolyte resist- 
ance R. Because ] measures the rate at 
which withdrawn from the 
cell, this is an important point. Other 
contributions to g are the irreversible 


slowly indeed 


energy is 


heat changes that occur at the electrodes 
(illustration, opposite); these also may 
he expected to increase for a given cell 
with increasing current. 

The electric work vz, will thus depend 
on the sign and magnitude of q, and q is 
an unpredictable quantity because its 
value depends on a good many character- 
istics of both the reaction and the cell. 
The maximum electric work w, is pre- 
dictable, and this occurs only under 
ideal conditions, when the cell operates 
reversibly. The current /then approaches 
zero, and the electromotive force E of the 
cell has its maximum value E,—a valu- 
able reference point. The more nearly E 
for an operating cell approaches E,, the 
smaller become the irreversible contri- 
butions to q described earlier. 


Attractive Application 

The fuel cell is attractive because it 
holds forth the promise of delivering 
electric work w, that is greater than 
(7\-7:)/T, multiplied by AH, which is 
the maximum permitted to the present 
Carnot-cycle limited power station. 

Electrochemists have appreciated the 
potential attractiveness of the fuel cell 
ever since the 19th century. Further 
efforts to perfect the fuel cell may show 
us a way by which science can lessen the 
drain on our fossil fuel resources and 
provide simpler generation of electric 
energy. Q 
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Frames from movie 
show fuel drop be- 
fore ignition... 


... during early tur- 
bulence created bya 
ee 


...and the growth of 
the flame during the 
ee 


. with drop of fuel 
as dark spot in the 
center. 


HISTORY of burning fuel drop as it plunges 


down stairwell is recorded by movie camera. 
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MOVIE CAMERA, light source. and glass evlinder attached to an aluminum s 


Upporting }) 


ire used in a project to find out how fire burns in the absence of gravity. 


Flame Drop 


Scientists strive to discover another answer that would bring 


them closer to the conquest of outer space. 


How fire would burn in the absence of 
gravity is a question that has intrigued 
scientists for many vears. Today. as 
man’s technology moves toward flight in 
outer space, where weightlessness is the 
rule, the problem assumes more than 
The first 


toward an answer is illustrated by a drop 


academic significance. step 
of fuel, burning as it plunges down a 
stairwell (photo, lower left). During its 


fall, a 


history. 


movie camera records its 

The apparatus that makes such studies 
possible was developed in the Combus- 
Unit of the 


Department, 


tion Research Research 


Laboratory's Chemistry 
under the direction of Dr. 


Moore. It consists essentially of 


George FE. 
an alu- 
minum supporting plate to which are at- 
tached the movie camera, a light source. 


brief 


and a glass evlinder (photo, Lop right). 
The droplet of fuel burns inside the glass 
evlinder, protected from the rush of air, 
alter having been expelled froma small 
reservoir by an electric heater and 
ignited by a pair of electrodes before the 
fall began. 

The built-in light source consists of a 
flashlight) bulb batteries. An 
optical system directs the light through 


making 


and two 


the glass cell in’ parallel rays, 


possible schlieren photographs, Con- 


ventional motion-picture records can 


also be made by the light of the flame 
itself. 

Four frames selected from a schlieren 
film consisting of 93 frames show signif- 
icant stages during the burning process 
that is undergoing test (photo sequence, 


lop left). Q 
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Studies of properties of irra- 
diated materials being inves- 
tigated in the Research Labo- 
ratory provide keys to new 
nuclear fuels and structural ma- 
terials. One method of pile ir- 
radiation uses an aluminum jig, 
wire alloy samples, and a 4'2- 
inch helium-filled aluminum can. 


Research Findings Speed Nuclear Progress 


By DAVID W. LILLIE 


Because nuclear energy is so impor- 
tant to both national defense and to 
future civilian activities, responsible 
companies with sufliciently broad com- 
serving simultaneously in 


Electric we 


petence are 
both 
sometimes think we live in two worlds 


areas. At General 
of nuclear activity. 

In the world of participation in our 
country’s defense readiness, for ex- 
ample, we develop naval propulsion re- 
actors and make plutonium, operating 
government-owned or leased facilities, 
with funds, receiving a 
small fixed fee in return for our services. 


In the world of work toward satisfying 


government 


people’s wants in tomorrow's civilian 
market place, we are proceeding on sched- 
ule with construction of the country’s 
privately financed all-nuclear 
power plant the Dresden Nuclear Pow- 
er Station, being built near Chicago for 
the Edison Company 
and the Nuclear Power Group, Inc. This 
is but one activity in our continuing ef- 


largest 


Commonwealth 


fort to harness nuclear energy for peace- 
ful development of the national econ- 
omy. One of the most important of our 
research programs is devoted to nuclear 
materials and is aimed at improving 


A member of the Research Laboratory staff since 
1954, David W. Lillie 
Materials and Processes Studies Section of the 
Metallurgy and Ceramics Research Department. 
Before joining the Laboratory staff, he served 
for six years as Chief—Metallurgy Branch, division 
of Research, U.S. Atomic Energy Commission. 


is a metallurgist in the 
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our understanding of radiation damage, 
developing new alloys, and generally en- 
hancing General Electric’s skill in this 
vital field. 

Nuclear materials 
divided 


structural materials, shield- 


can be conven- 


iently into six classes: fuels, 
moderators, 
ing, controls, and coolants. We are pri- 
marily interested in two of them: struc- 


tural materials and fuels. 


Structural Materials .. . 


One vital problem the designer must 
face in planning a pressurized water re- 
actor is the selection of cladding mate- 
rials for the fuel elements and for the as- 
The 


sive environment is water at about 300C, 


sociated coolant channels. corro- 
and the most promising materials are 


stainless steel, zirconium, and alumi- 
num. 
. Stainless steel has a relatively high 
neutron-absorption cross sec- 
tion of 2.85 barns. (A “barn” is a meas- 
ure of the probability of a given nuclear 
reaction.) The Dresden Power Station 
will be completely nuclear-powered for 


generation ol 180,000 kw. In its reactor, 


thermal 


use of suc h high-cross-section material 
as stainless steel would require a urani- 
um fuel highly enriched with the U-235 
isotope. Because increased isotopic en- 
richment rapidly the 
gram of U-235 (illustration, left, page 
15), the use 
sult in high fuel cost. 

... Zirconium, although permitting use 


boosts cost per 


of stainless steel would re- 
of low-enrichment fuel, is itself very ex- 


pensive. In one reactor, for example, 
estimates of the material cost (including 


fabrication) $6.300.000 for zirco- 


nium and only $3.300.000 for stainless 


are 


steel. 

{luminum, on the other hand, has a 
low neutron-absorption cross section 
(0.22 barns, compared to 2.85 for stain- 
less steel and 0.18 for zirconium). It is 
also far less expensive than zirconium. 
\luminum’s chief drawback: catastrophic 
corrosion in 300 C water (photo, page 
4). Information the Argonne 
National Laboratory indicates, however. 
that the corrosion resistance of alumi- 


from 


num can be substantially improved by 
adding minor amounts of alloying ele- 
ments such as nickel. 

In 1955, Dr. William E. Tragert of 
the Research Laboratory began studying 
aluminum corrosion in high 
water. He found that the nickel addition 


was effective through protective modi- 


pressure 


fication of the oxide film, particularly 
through the formation of complex Al- 
Ni oxides. Work on this alloy continues. 
\ second effort in the field of struc- 
tural materials was a brief study of the 
possible development of iron-base alloys 
with usable mechanical properties and 
with neutron cross sections substantially 
lower than that of stainless steel. Alloys 
maximizing the carbon, beryllium, mag- 
nesium, silicon, aluminum, and zirco- 
with thermal-neu- 
tron cross sections of less than | barn 
appear most promising. Phase diagrams 
and the published literature on the sub- 
ject also show that of these, silicon and 
aluminum are the most promising 
their cross sections and cost are low 


nium—all elements 


and their solubilities in iron extensive. 
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2 HOURS 


4 HOURS 


150° 200° 


CATASTROPHIC CORROSION of aluminum in 300 C water is impeded by minor amounts 


of alloving nickel, which aids resistanee by oxide-film modification. 


this dis- 
silicen in 


Tron-silicon alloys have 


The 


amounts greater than about four percent 


advantage: addition of 
by weight is accompanied by drastic re- 
duction in ductility. One purpose of our 
experimental program, therefore, was to 
attempt to understand and overcome 
this difheulty. 


silicon 


Reference to the iron- 


phase diagram (illustration) 
shows solid solubility of silicon in alpha 
iron up to 14 percent at 400 C. In spite 
of this wide solubility, brittle behavior 
begins as low as 4 percent Si. 

One explanation appeared to be the 
formation of an ordered structure above 
4 percent Si. We therefore attempted to 
obtain a disordered structure by quench- 
ing and tried to determine the disorder- 
ing temperature (if one existed) in the 
range 8 to 14 percent Si. High-tempera- 
ture tensile and bend tests were also 
made to determine the range of ductil- 
ity at temperatures up to L000 C. 

From this study we concluded that no 
disordering occurs up to 1200 C in Fe-Si 
alloys of 8 to 14 percent Si content, and 
that brittle behavior persists up to 800 
1000 C. Alloving with copper, molyb- 
denum. nickel. 
num is not effective in improving due- 


Addition 


imparts a 


zirconium, and alumi- 


tility of Fe-6 percent Si alloys. 


) 


of cerium up to 2 percent 


slight but insufficiently beneficial effect. 


. lron-aluminum alloys appear more 


promising as nuclear structural mate- 
rials, because about eight percent by 
weight (14 atom percent) aluminum can 
be added without seriously impairing 


room-temperature ductility. Itis believed 
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that an Fe-8 percent Al base with small 
amounts of other additives for corrosion 
resistance in specific environments may 


prove useful in nuclear engineering. 


... and Fuels 


Probably the most critical problem in 


metallic fuels is the dimensional and 
mechanical integrity of uranium. Fis- 
sioning of uranium atoms creates two 
product particles for each fission event. 
These product particles, or fission frag- 
ments, are largely metallic elements that 
can be accommodated fairly readily in 
the metal lattice. However, 12.5 percent 


of the fission fragments are isotopes of 


the rare gases xenon and krypton. The 
effects of these gaseous elements within 
the lattice are not precisely understood, 
but presumably they are a major factor 
in the deterioration of properties that 
occurs during irradiation, 

When unalloyed 


ated at low temperature, a density de- 


uranium is. irradi- 
crease occurs that is linear with expo- 
sure (illustration, right, next page). This 
is accompanied by serious embrittlement 
at relatively low exposures. When long- 
time exposure takes place at high tem- 
peratures (above 500 €), gross swelling 
results, accompanied by considerable in- 
ternal porosity. 

Such changes may be the limiting 
factor in fuel lifetime and hence in oper- 
ura- 


ating cost. The use of refractory 


nium compounds, such as uranium 
oxide, U Os, appears to solve the problem 
of radiation stability. The economies of 
UO.-fueled 


something to be desired, 


leave 
UO 


atoms 


systems, however, 
hecause 
has a lower density of uranium 
per cubic centimeter of fuel than does 
uranium metal. It is, therefore, essential 
to understand the changes occurring in 
irradiation of fissionable materials. In 
particular, it is important to understand 
the behavior of any internally generated 
vases, in order to devise fuels that opti- 
mize both cost and radiation stability. 
Working with irradiated uranium re- 
quires extensive, shielded “hot-labora- 
examination 
these 


Labora- 


tory” facilities to permit 


and measurement. Because were 


not available at the Research 
tory, it seemed desirable to examine sys- 
tems in which radiation produces gas 


atoms uniformly within a metallic lattice 


ATOMIC PERCENTAGE OF SILICON 
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DEGREES C 


40 


80 


DEGREES F 


60 70 


WEIGHT PERCENTAGE OF SILICON 


SOLID SOLUBILITY of silicon reaches 14 percent in alpha iron at 400 C (color curve). 
In spite of this, brittle behavior begins as low as 4 percent Si and persists up to 800-1000 C. 
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but without 


radioactivity. An alloy containing boron 


excessive accompanying 


is satisfactory, for capture of a neutron 
creates helium (an @ particle) and Li’. 
Another 
contains lithium, for the Li® isotope in 


satisfactory series of alloys 
naturally occurring lithium reacts with 


a neutron to form tritium, H®*, and 
helium. Both reactions have high cross 
sections, and neither is accompanied by 
serious radioactivity. 

Boron, unfortunately, is not soluble 
to any appreciable extent in metallic 
Attention 


lithium-bearing systems, 


systems. has therefore been 
centered on 
even though the presence of both a rare 
gas (He) and an active gas (H*) some- 
the The 


system Mg-Li is particularly attractive 


what complicates analysis. 
because lithium is soluble in hexagonal 
magnesium to four percent by weight 
(about LO atom percent) and a single- 
phase body-centered cubic alloy exists 
from LO weight percent Li (28 atom per- 
cent) to pure lithium. With such sys- 
tems the eflect of gases in two different 
crystal structures can be simply ex- 
lhe use of an Al-0.4 percent 
Li® alloy provides information on a third 


imined. 


crystal structure, called a face-centered 
cubic. 

In this phase of the investigation, an 
experimental program was carried out 
on 0.040-inch diameter wire specimens, 
emphasizing mechanical property meas- 
150 C, 
Wires were irradiated in a 
Argonne National 


urements al room temperature, 
and 250 C. 
research reactor at 
Laboratory in a thermal neutron flux of 
zx 
per second. For the pile irradiation, the 


neutrons per square centimeter 


$5.62 


DOLLARS PER GRAM OF U235 


1 


$40.50 PER 
KG OF TOTAL U 


10 100 


wire samples were placed in an alu- 
minum jig and sealed within a helium- 
filled aluminum can or capsule (photo, 
page 43). Burnup of greater than 0.1 per- 
cent of all atoms was obtained in a few 
months of irradiation. This is equiva- 
lent, in terms of gas generation, to fuel 
operation for about |'2 years in a 
Dresden-type reactor. 

In addition to mechanical properties, 
physical dimensions and electric resis- 
tivity were also measured. X-ray powder 
patterns were taken prior to irradiation 
and compared with similar patterns after 
irradiation. 

The results indicated that the Mg-Li 
alloys decrease in density because of the 
formation of internal pores. These are 
believed to be produced by agglomera- 

the 
formed by 


helium and tritium 
the 


of this internally produced gas 


tion of 


gas 
atoms irradiation. The 
pressure ) 
is sufficient to expand the solid metal, 
which is relatively soft at the irradia- 
tion temperature of 250 C. Surprisingly, 
the AI-Li alloy sull, 
but seems to tolerate relatively large 
amounts of gas We 
hope that further understanding of this 


does not follow 


without swelling. 
difference in behavior may provide clues 
for minimizing swelling effects in nu- 


clear fuel alloys. 


Radiation Damage 


Although radiation damage in strue- 
tural metals has not been of major 
engineering concern, it is of great fun- 
damental interest. It provides insight 
into the mechanisms of radiation dam- 
age of all kinds and into the nature of the 
solid state. We are particularly ignorant 


$17.07 
$15,361 PER KG 
OF TOTAL U 


PERCENT DECREASE IN DENSITY 


0.02 


WEIGHT PERCENT OF U235 


HIGH-CROSS-SECTION material requires a uranium fuel highly en- 


riched with U-235; cost per gram varies with enrichment 
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of the precise nature of the defects 
produced by a bombarding neutron or 
other particle and the resulting second- 
ary recoil atoms. Clearly both vacant 
lattice sites and extra atoms, probably 
jammed into interstitial sites, must be 
produced. Depending on temperature 
and the nature of the defect, these may 
or may not anneal out (return to equl- 
librium sites) during or after the irradi- 
ation. 

Dr. J. W. Corbett and Dr. R. M. 
Walker have been studying this problem 
by carrying out electron irradiations at 


extremely low temperatures (4 degrees 


K) and then measuring property change 
as the up. The 
major portion of their work to date has 


specimen is warmed 
been on pure copper. They find that 
several simple types of defects must 
exist, because several different stages of 
annealing are observed even below 70 K. 
The clarification of these various stages 
is leading to a more exact picture of the 
defects radiation produces, the ways in 
which these may be removed, and their 
effects on the important properties of 
matter. 


Research Contributions 

These selected examples of Research 
Laboratory efforts in the realm of nu- 
clear materials range from relatively ap- 
plied to highly fundamental. They do 
not the entire effort in the 
nuclear materials field, but they may at 


represent 


least suggest some of the ways in which 
application of fundamental understand- 
ing or development of new understand- 
ing can help solve critical engineering 
problems.Q 


0.04 0.06 0.08 


PERCENT ATOM BURNUP 
UNALLOYED URANIUM that is irradiated at low temperat 


dergoes a decrease in density linear with exposure. 





Abstracts 


For your convenience to clip and file for ready reference: brief summaries of articles appearing in this issue. 


Classification: 


Plasticity of Solids Explored by 
New Technique 


Gitman, Joun J. 

\fter describing basic mechanical properties of engineering 
materials, the author explains dislocations and tells how etch pits 
in a crystal’s surface locate dislocation lines 


GENERAL ELECTRIC REVIEW July 1958 pp 9-12 


The Future of Science Classification: 


and the Liberal Arts 


Gippincs, GLENN W. 
In our ever-widening technology, the author recognizes the 
necessity for integrating science into our culture and suggests 


more dynamic liberal-arts curricula. 


GENERAL ELECTRIC REVIEW July 1958 pp 13-15 


Helium Tunnel Tests Classification 
High-Speed Models 


Operating what is believed the world’s largest and fastest helium 


wind tunnel, the Research Laboratory probes for a greater under- 


standing of air flow above Mach 20 
GENERAL ELECTRIC REVIEW July 1958 pp 16-17 


The Problems of Mastering Classification: 
Thermonuclear Power 


Hurwitz, Henry. Jr. 
lremendous problems of control will accompany 
as attested by the intricacies of magnetic configurations—the 


fusion power 


stabilized pinch, the stellarator, and the mirror machine 


GENERAL ELECTRIC REVIEW July 1958 pp 18-23 


Classification: 


Radiation Works for Man 


Learning more about the effects of radiation on chemical com- 
pounds and living organisms, scientists are making progress in 
turning radiation into a beneficial tool for mankind 


GENERAL ELECTRIC REVIEW July 1958 pp 24-25 


Refining Grain Structure Classification: 


by Inoculation 

Metallurgists performing experiments on stainless-steel castings 
attempt to control the grain structure as it solidifies from the melt 
by applying the inoculation technique. 


GENERAL ELECTRIC REVIEW July 1958 pp 26-27 


Probing into Chemical and Physical Classification: 
Phenomena with Shock Tube 

and Synchrotron 

Nuclear physicists and chemists are aided in their studies by the 
synchrotron and shock tube —important tools of research. 


GENERAL ELECTRIC REVIEW July 1958 pp 28-29 


Small-Scale Unconventional Power Classification: 


Sources Now Assume New Significance 
Fiace, Joun F. 
The article affords a close look at several unconventional power 


sources, with a detailed desc ription of how each works. Some offer 
possible small-scale ipplications 


GENERAL ELECTRIC REVIEW July 1958 pp 30-33 


Classification 


New Voltage-Tunable Magnetrons: 
How They Work and Where 


In the new voltage-tunable magnetron, frequency is set by the 
value of the d-c anode voltage, which facilitates electric, remote, 
ind almost instantaneous variations 


GENERAL ELECTRIC REVIEW July 1958 pp 34-36 


Investigating the Dielectric Pump Classification 


Aver, P. L. 


Suarpaucu, A, H. 
Hearing ot the discovery of a dielectric pump, the authors investi- 
gated into the particulars of why such a pump should work 


GENERAL ELECTRIC REVIEW July 1958 pp 37-38 


Tracing Electron Paths Classification: 


Mechanical analog of an electron tube represents the newest and 
most ingenious device to aid in the study of electrons 


GENERAL ELECTRIC REVIEW July 1958 


) 
Classification 


Fuel Cells May Provide 
an Important Source of Power 


Dovuci AS D. R 


LiepHarsky, H. A. 

rhe inherent simplicity of the fuel cell’s operation is analyzed 
Because it escapes the Carnot-cycle limitation, the fuel cell may 
promise more efficient elec tric power. 


GENERAL ELECTRIC REVIEW July 1958 pp 40-41 


( lassific ation: 


Flame Drop 


Research Laboratory's Chemistry Unit tackles the question of how 
fire would burn in the absence of gravity. 


GENERAL ELECTRIC REVIEW July 1958 p 42 


Classification: 


Research Findings Speed 
Nuclear Progress 


Littie, Davin W. 
Some of the results of General Electric’s research in nuclear 
structural materials and fuels are discussed and appraised. 


GENERAL ELECTRIC REVIEW July 1958 pp 43-45 
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YOUR FUTURE IS GREAT IN A GROWING AMERICA | 


| 


AMERICA ALWAYS OUTPERFORMS ITS PROMISES 


We grow so fast our goals are exceeded soon after they are set! 


7 BIG REASONS FOR CONFIDENCE IN AMERICA’S FUTURE 


1. More People— Four million babies yearly. U.S. popula- 


tion has doubled in last 50 years! And our prosperity curve 


has always followed our population curve. 


2. More Jobs—Though employment in some areas has fallen 
off, there are 15 million more jobs than in 1939—and there 


will be 22 million more in 1975 than today. 

3. More Income—F amily income after taxes is at an all-time 
high of $5300 is expected to pass $7000 by 1975. 

4. More Production _ [ AA production doubles every 20 
years. We will require millions more people to make, sell and 
distribute our products. 

5. More Savings 
ever—$340 billion—a record amount available for spending. 


Individual savings are at highest level 


6. More Research — $/0 billion spent each year will pay off 
in more jobs, better living, whole new industries. 


7. More Needs—In the next few years we will need more 
than $500 billion worth of schools, highways, homes, dura- 
ble equipment. Meeting these needs will create new oppor- 
tunities for everyone. 


Add them up and you have the makings of an- 
other big upswing. Wise planners, builders and 
buyers will act now to get ready for it. 


FREE! Send for this new 24-page illustrated 

booklet, “Your Great Future in a Growing Pape Se 
America.” Every American should know these << 
facts. Drop a post card today to: THE ADVER- 
TISING COUNCIL, Box 10, Midtown Station, 
New York 18, N. Y. 


Your 


| 
Growing America 





SHADOW-FREE lighting is pointed out by Mr. Steiner, standing at a milling machine. Notice, 


in the outlined area, the complete absence of shadows even inside the housing of the indexer. 


B 


“$19,800 G-E Power Groove lighting 


system paid for itself in 3 months!” 


Shadow-free lighting increased 
worker efficiency 10% 


“When we decided on G-E Power Groove lighting for 
our 100 production people in the new plant, we did it 
mainly for worker comfort and safety. But the men 
weren’t the only ones who benefited from it. Imme- 
diately, work efficiency jumped a full 10%—which was 
the same as slicing 10% off our payroll. Based on just 
the direct labor value of this gain the system has paid for 
itself in less than three months. And from here on, it be- 
comes a 400% return on our investment every year!’ This 
statement is from Bill Steiner, Ass’t. to the Vice President 


of Erickson Tool Co., Cleveland, Ohio. 


8-FOOT POWER GROOVES were used; fixtures are 10’ 
high, the rows are on 10’ centers. This gives a comfortable 


160 footcandles at machine level. Supplementary lighting 
is no longer needed, and workers have high praise for 
the system. 


G-E POWER GROOVES give nearly twice as much light per 


tube as High-Outputs—2! 


2 times as much as 8’ slimlines. 
You can get more light per fixture, with fewer parts to 
maintain, and save 5 to 20% on initial investment. Get 
the whole story on the new G-E fluorescent lamp design 
—and see how you can get a higher, more economical 
light level, too. General Electric Co., Large Lamp Dept. 
C-807, Nela Park, Cleveland 12, Ohio. 


Progress /s Our Most Important Product 
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